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ABSTRACT 
 
 
Evidence has shown that there has been a considerable increase in human height over the past 
century, suggesting that stature estimation equations such as that of Trotter and Gleser (1952) 
are now inapplicable to a contemporary population in forensic casework; therefore in order to 
update stature formulae, modern population data are required. This project aimed to improve 
the accuracy of stature estimation in forensic anthropology in Queensland by (i) assessing the 
applicability of the Trotter and Gleser (1952) femoral regression formulae on a modern 
Queensland population; (ii) proposing new forensic equations for femoral length and 
fragmentary femoral remains to estimate living stature for Queensland samples that provide 
higher accuracy; and (iii) assessing the relationship between reported stature versus measured 
stature within a contemporary Queensland population.  
In this study, the stature of Queensland male and female cadavers was measured, and computed 
tomography (CT) scans of the right and left femora were obtained (n=51 males; n=25 females). 
Virtual protocols were then developed in Amira
®
 and Geomagic Design X
®
 to allow 
measurement of bicondylar (femoral) length on a three-dimensional (3D) reconstruction of the 
bone surface. A combined analysis of males and females demonstrated an underestimation of 
stature in 90% of individuals, with a mean inaccuracy of 4.15cm when comparing actual living 
stature to the Trotter and Gleser (1952) stature estimates. Age adjustments recommended by 
Trotter and Gleser (1952) and Giles (1991) did not improve accuracy of the estimate. However, 
after applying a 2.5cm cadaver stature adjustment, the stature equations resulted in an improved 
estimate with an inaccuracy value of 2.67cm for pooled male and female samples. A 
comparison between supine and standing height on living participants in this study showed that 
on average, males and females are 2.3cm taller when lying down, therefore validating the 
importance of applying a cadaver adjustment.  
In order to construct robust stature regression equations for recovery of whole and fragmentary 
femoral remains, the relationships between epicondylar breadth, diaphyseal anteroposterior 
diameter, diaphyseal mediolateral diameter, diaphyseal circumference and cortical area with 
stature were investigated in the Queensland sample. The results of this study demonstrate that 
bicondylar length has the highest correlation with stature, followed by epicondylar breadth and 
then mid-diaphyseal cortical area. Using a Bayesian statistical approach, new stature estimation 
equations were developed for the Queensland population, irrespective of sex. The results 
support the following recommendations: where an entire femur is recovered, bicondylar length 
 vii 
should be utilised in a stature estimation equation; where a fragmentary femur is obtained, the 
epicondylar breadth equation should be utilised; however, where the distal portion of the femur 
is not recovered, the midshaft cortical area equation is to be utilised.  
Right and left epicondylar breadth and bicondylar length demonstrated significant sexual 
dimorphism, with males displaying larger dimensions for all femoral morphometric 
measurements when compared to females. Percentage bias in femoral bicondylar length 
showed that males demonstrated asymmetry with a left side bias overall, confirming that the 
left bone is longer than the right.  
The reliability of matching skeletal remains with a known missing individual relies on accurate 
documentation of the individual’s stature. This study assessed the relationship between reported 
stature versus measured stature within an adult Queensland population (n=30 males, n=72 
females) to determine the applicability of using drivers licence information in forensic 
casework. Results showed that 70% of individuals ‘self-reported’ their height upon obtaining 
their driver’s licence and both males and females tended to overestimate their height. Overall, 
the mean absolute error was approximately 2cm between Queensland drivers’ licences and 
actual height. This amount of error may not influence stature estimations and identification, but 
compounding error between potentially inaccurate stature estimation equations and error in 
licence data requires consideration as it increases the overall error of stature estimation.  
In summary, the results of this study have concluded that the Trotter and Gleser (1952) stature 
estimation equations underestimate stature in a contemporary Queensland population; therefore 
our study has introduced novel stature formulae for use in Queensland forensic anthropology 
casework utilising a number of femoral morphometric measurements. In addition, it is evident 
that error is present in reported stature information provided in missing persons profiles; 
therefore improvements are required. As stature estimation forms an important component in 
anthropological investigations and contributes to the identification of unknown skeletal 
remains, the results of this research have the potential to improve the accuracy of 
anthropological analysis in Queensland casework. Future work will include a validation of the 
contemporary equations in order to make recommendations to Australian anthropologists.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 GENERAL INTRODUCTION 
In Australia, approximately 35,000 people are reported missing every year (AFP, 2011). 
Of this figure, 95% of individuals are located, but approximately 1600 people are declared 
missing indefinitely; some discovered as skeletal remains. In forensic anthropology, stature 
forms an important component in the estimation of a biological profile, where a forensic 
anthropologist performs an analysis of skeletal remains to establish ancestry, sex, age-at-death 
and stature. The establishment of an accurate biological profile is critical in human 
identification as it allows a discriminatory search on the missing persons database to narrow 
potential matches. To maintain the accuracy of biological profiles it is generally supported that 
contemporary population specific standards are required (Ishak et al., 2012). Many techniques 
currently employed by Australian forensic anthropologists are outdated due to secular trends 
and their lack of applicably to Australian populations.  
 
There are two methods for estimating stature – anatomical and regression. The 
anatomical technique originally described by Fully (1956) requires an almost complete skeleton 
where height measurements of individual bones from the skull to the calcaneus (heel) are added 
with adjustments for soft tissue, estimating living stature. Conversely the regression method, 
such as the Trotter and Gleser (1952) stature regression formulae, is utilised when only partial 
skeletons are obtained, which is the more common scenario in forensic casework. The 
regression technique involves the application of established statistical equations that are based 
on the maximum length of an individual long bone or combination of long bones, to obtain an 
overall estimation of stature. 
 
Although long bones are the most obvious element for use in stature estimation, 
correlations between stature and multiple other skeletal sites have been investigated. Cranial 
(Cui and Zhang, 2013; Giurazza et al., 2012; Krishan, 2008; Krishan and Kumar, 2007; Ryan 
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and Bidmos, 2007), vertebral/sacral (Karakas et al., 2011; Nagesh and Kumar, 2006), sternal 
(Marinho et al., 2012; Menezes et al., 2009), hand/foot bone (Fawzy and Kamal, 2010; Ishak et 
al., 2012; Kanchan et al., 2008; Rastogi et al., 2008; Uhrova et al., 2013) and of course, long 
bone (Hasegawa et al., 2009; Mahakkanukrauh et al., 2011; Ross and Konigsberg, 2002; 
Trotter and Gleser, 1952; Wilson et al., 2010) measurements have been subject to numerous 
stature studies. In addition, measurements from fragmentary remains (Bidmos, 2008; Chandran 
and Kumar, 2012; Steele and McKern, 1969) have also been analysed to determine a 
correlation with stature. The femur is the longest bone in the body and therefore contributes the 
largest proportion of an individual’s height compared to any other single bone (Bidmos, 2008; 
Dayal, 2008; Mahakkanukrauh et al., 2011). As first suggested by Trotter and Gleser (1952) 
and supported by more recent studies (Mahakkanukrauh, 2011; Wilson et al., 2010), equations 
based on femoral dimensions are the most accurate for estimating stature. From a forensic 
casework perspective, it is the most commonly recovered bone from surface scattered skeletal 
remains and is well preserved against postmortem damage associated with scavenging and 
effects of the environment (Srivastava et al., 2012). Therefore the femur makes an ideal 
candidate for stature estimation in forensic anthropology.  
 
The Trotter and Gleser stature equations (1952) are the most widely used method for 
estimating stature (Wilson et al., 2010). Trotter and Gleser formulated these equations from 
American Caucasians and Negros from World War II and the Terry Skeletal Collection housed 
at the Smithsonian Institute (Washington, DC). As the study utilised individuals born before 
1944, this no longer represents a contemporary population and as a result, has been shown to 
produce error between actual stature and predicted stature on contemporary American and 
Asian populations (Gocha et al., 2013; Hasegawa et al., 2009; Wilson et al., 2010). As stature is 
a valuable contributor to the identification process, it is vital that accurate Australian specific 
stature estimation equations are made available through appropriate research on contemporary 
Australian individuals.  
 
In addition, for Queensland missing person cases, stature information is derived from 
the individual’s driver’s licence. As height data on licences is often self-reported, it is important 
to investigate the accuracy and therefore the value of using licence information (Willey and 
Falsetti, 1991). If height data on Queensland drivers’ licences indicate inaccuracy, this study 
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has the potential to influence the current techniques employed when constructing missing 
persons profiles. 
 
1.2 AIMS, OBJECTIVES AND HYPOTHESES 
As the Trotter and Gleser (1952) stature estimation equations are not appropriate for use 
on a contemporary population (Wilson et al., 2010), there is an increasing number of studies 
constructing contemporary forensic standards for the determination of stature in their particular 
population. However, there have been no studies to date conducted on Australian individuals 
that investigate the correlation between the length of long bones and the stature of an 
individual. We hypothesise that the application of the Trotter and Gleser (1952) regression 
equations for stature estimation in Australian post-mortem skeletal remains may be inaccurate; 
firstly due to secular trends resulting in generational changes over time, and secondly due to 
variability within different geographical populations since the 1950s. Since calculation of 
stature can be vital in identifying a missing person, it is important stature equations are as 
accurate as possible for each specific population.  
 
Aim 1: To assess the applicability of the Trotter and Gleser femoral regression formulae 
for calculating stature of adult male and female individuals within a contemporary 
Queensland population. 
Objective 1: To determine the reliability and accuracy associated with the Trotter and 
Gleser method by defining error rates associated with an adult Queensland 
Caucasian population of known age and sex. 
Aim 2: To propose new forensic population equations to estimate living stature for 
Queensland male and female samples that provide higher accuracy than current stature 
regression formulae. 
Objective 2: Using virtual analysis of the femur, investigate the correlation between 
living stature and morphometric and geometric measurements of 
Queensland individuals for the construction of alternate forensic 
methodologies for estimating stature. 
Objective 3: To assess morphometric skeletal variation of the femora in Queensland 
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individuals with reference to sexual dimorphism between different ages to 
establish accurate stature parameters, calibrated for our population using 
Bayesian statistics.  
Aim 3: To assess the relationship between reported stature versus measured stature of 
adult individuals within a contemporary Queensland population. 
Objective 4: To compare driver’s licence height data to the actual height of individuals 
to assess the utility of licence information in forensic casework. 
 
There has been an increase in average stature since the early 20
th
 century (as a result of 
secular trends and population shifts), therefore it is hypothesised that the Trotter and Gleser 
stature equations derived in 1952 from individuals born in the late 1800s will underestimate 
stature in a contemporary Australian population. Evidence that the Trotter and Gleser equations 
have inaccurately estimated stature in anthropological studies on other populations, resulting in 
computation of new stature equations (Gocha et al., 2013; Hasegawa et al., 2009; Kahana et al., 
1996; Ross and Konigsberg, 2002; Wilson et al., 2010) supports this hypothesis. 
 
Project Hypothesis 1 - The current stature estimation methods utilising the femur cannot be  
employed to estimate accurate living stature for individuals within an adult Australian sub-
population.  
 
Project Hypothesis 2 - Due to the implications of secular trends and population variation, 
updated population standards are required for more accurate stature assessment of 
contemporary Australian individuals. 
 
Project Hypothesis 3 - Queensland driver’s licence height data are inaccurate and new 
techniques will be required for height information in missing person’s profiles.  
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CHAPTER 2 
INTRODUCTION TO THE LITERATURE 
 
While the Trotter and Gleser equations have been the most widely utilised stature 
estimation equations used in forensic anthropology since 1952 (Shirley, 2013), it is doubtful 
that these equations remain relevant to modern populations (Jantz and Jantz, 1999). Moreover, 
there have been no studies to date conducted on Australian individuals that investigate the 
correlation between the length of long bones and stature of an individual, particularly due to a 
lack of skeletal collections. 
 
2.1 DEVELOPMENT OF STATURE ESTIMATION EQUATIONS 
Stature varies significantly between individuals, which is an advantage in forensic 
anthropology as it helps in the identification of skeletal remains. The first known mathematical 
attempt to investigate the ratio of bone length to stature (also referred to as the femur/stature 
ratio) was conducted in the mid-eighteenth century by Jean Joseph Sue (reported in Moore and 
Ross, 2013). Other stature estimation studies were conducted in the years following, but were 
composed of reference tables to infer stature, rather than regression formulae. A study by Rollet 
(1888) on French cadavers on individuals aged 24-99 years was the first to publish such tables 
followed by Manouvrier in 1892 who reintroduced Rollet’s stature tables (Moore and Ross, 
2013) (Table 2.1-1). Rollet studied samples that had the same stature and investigated their 
long bone length; however Manouvrier investigated the average stature of samples with the 
same bone length (Meiklejohn and Babb, 2011). The Manouvrier stature reference table can be 
used by matching a long bone measurement with a stature as listed for that particular 
measurement. 
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Table 2.1-1: Stature table for long bones, as calculated by Manouvrier. Hum=Humerus, 
Rad=Radius, Fem=Femur, Tib=Tibia, Fib=Fibula. (Manourvier, 1892). Sourced from Iscan and 
Steyn (2013). 
 
 
In 1899 Pearson also used Rollet’s data to devise the original stature regression 
equations (cited by Trotter and Gleser, 1952). Pearson’s regression study was the first 
‘mathematical model’ and contributed momentously to the advancement of stature estimation 
because he recognised a range of limitations within stature estimation such as ancestral 
differences, sex differences and the influence of the study sample pool (Table 2.1-2). Pearson 
developed the use of statistical regression, the method that is still used today. The benefit of 
using an equation rather than a reference table allows the height of an individual to be 
estimated in cases where a particular femoral length is not present in a table. The first 
researcher to analyse Pearson’s statistical method was Stevenson in 1929, who found that the 
European equations could not be successfully applied to a Chinese population as they failed to 
provide a satisfactory prediction. Dupertuis and Hadden (1951) devised ‘general equations’ 
utilising an American White and Negro population from the Haman-Todd Osteological 
Collection (Cleveland Museum of Natural History, United States) and advised that the 
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equations are applicable to all populations, despite the findings of Stevenson (1929) (Table 2.1-
2). Between 1952 and 1958, studies conducted by Trotter and Gleser became the most 
significant forensic anthropological studies for stature assessment, due to the utilization of the 
largest and most ancestrally diverse American sample pool to date (Table 2.1-2). In addition, 
the authors provided an age correction to account for age-related stature decline (refer to 
section 2.8) (Moore and Ross, 2013).  
 
Table 2.1-2: Comparison of stature equations utilising femoral length of American 
white males, as calculated by Pearson, Dupertuis and Hadden, and Trotter and 
Gleser. 
NB:
Maximum length of the femur (fem) is measured in centimetres. 
 
 
 
 
 
The Trotter and Gleser (1952) method was the first to introduce formulae incorporating 
the standard error of the mean, improving the precision of stature estimation in a practical 
context as it acknowledges and accounts for instrinsic individual variability in the relationship 
between femoral length and stature. The extensive study by Trotter and Gleser utilised dry 
skeletal long bones from the upper and lower limbs and included measures of both the right and 
left bones where available (n=2055: 1815 males, 240 females). The regression equations were 
developed from a large sample of male individuals aged 17-49 years killed in World War II 
(WWII). Additional male and female samples were collected from the Terry Skeletal 
Collection (Trotter and Gleser, 1952). The Terry Skeletal Collection (Smithsonian Institute, 
Washington DC, United States) is comprised of 1728 complete skeletons of individuals aged 
19-99 years who died between 1899 and 1949. Trotter and Gleser used the collection as a 
source of female samples and to increase male samples older than 40 years as these were not 
present in the sample from WWII. The final sample demographic for the Trotter and Gleser 
data set consisted of American ‘white’ (n=1433) and ‘negro’ (n=622) males and females aged 
17 years and over (Trotter and Gleser, 1952). Therefore, whilst the investigation was biased 
 Equation 
Pearson (1899) 1.88 fem + 81.31 
Dupertuis and Hadden (1951) 2.12 fem + 77.05 
Trotter and Gleser (1952) 2.38 fem + 61.41 
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towards Caucasian military males who may be more athletic and taller than the general male 
population at the time, the addition of skeletons from the Terry Collection enabled stature 
equations to be generated for both white and negro males and females. To validate their stature 
estimation equations the authors applied them to a new sample of military personnel, resulting 
in two-thirds of estimates falling within 3cm of the true stature. The ‘femur’ equation resulted 
in 69% of estimates falling within 3cm of the true stature with a standard error of 3.22cm. 
Trotter and Gleser (1952) concluded that the equations could be applied to any white male in 
the American population with confidence, but it needs to be noted that both the derivation of 
the regression equations and the validation study was conducted on largely military personnel, 
resulting in a significant sampling bias. In 1958, Trotter and Gleser calibrated equations for 
Mongoloid American individuals as well as Mexican, Puerto Rican, European American and 
African American groups. However, there were no significant differences between the ‘white’ 
and ‘mongoloid’ equations, suggesting that the ‘white’ equations can be applied to individuals 
of Asian descent (Duyar and Pelin, 2010; Feldesman et al., 1990) (Table 2.1-3). 
 
Table 2.1-3: Stature equations for the femur of White and Negro males and females, as 
calculated by Trotter and Gleser. (Trotter and Gleser, 1952). 
NB:
Maximum length of the 
femur (fem) is measured in centimetres. 
 
Despite the intrinsic sampling bias (predominantly military personnel) in the 
methodological design of the regression equations in the Trotter and Gleser (1952) study, 
the white and negro equations for female and male individuals are the most frequently 
applied anthropological calculations currently utilised in forensic casework internationally.  
 
2.2 CORRELATING LONG BONE LENGTHS WITH STATURE 
Long bones of the limbs are readily accepted as being the most appropriate skeletal 
elements for estimating stature (Hasegawa et al., 2009; Pearson, 1898; Trotter and Gleser, 
 Equation Standard Error  Equation Standard Error 
White Males 2.38 fem + 61.41 3.27 White Females 2.47 fem + 54.10 3.72 
Negro Males 2.11 fem + 70.35 3.94 Negro Females 2.28 fem + 59.76 3.41 
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1952). In addition to femoral equations, Trotter and Gleser (1952) devised equations for the 
humerus, radius, ulna, tibia and fibula. Furthermore, correlations between stature and other 
regions of the body have been investigated such as craniometric measurements (Cui and Zhang, 
2013; Giurazza et al., 2012; Krishan, 2008; Krishan and Kumar, 2007; Ryan and Bidmos, 
2007); foot dimensions (Fawzy and Kamal, 2010; Kanchan et al., 2008; Kanchan et al., 2010; 
Robinson et al., 2008; Uhrova et al., 2013); hand dimensions (Ishak et al., 2012; Meadows and 
Jantz, 1992; Musgrave and Harneja, 1978; Rastogi et al., 2008; Tang et al., 2012); pelvic 
measurements (Giroux and Westcott, 2008; Karakas et al., 2011); sternal measurements 
(Marinho et al., 2012; Menezes et al., 2009) and vertebral measurements (Nagesh and Kumar, 
2006).  
The femur is the longest and heaviest bone in the human body and its length provides 
the greatest contribution to living stature compared to any other single bone of the skeleton 
(Bidmos, 2008; Dayal, 2008; Mahakkanukrauh et al., 2011), with a femur:stature ratio of 
approximately 26.75% (Iscan and Steyn, 2013). As first suggested by Trotter and Gleser (1952) 
and supported by a number of other studies (Dayal, 2008; Mahakkanukrauh et al., 2011; 
Wilson et al., 2010), equations based on femoral dimensions are the most accurate for 
calculating stature, indicated by the smallest standard error of estimate. In a Spanish study 
conducted by Munoz et al. (2001), a multiple regression formula including the femur, tibia and 
humerus achieved the most accurate stature estimation results.  
 
2.2.1 Measuring Long Bone Length 
The earliest method of measuring maximum bone length involved the use of an 
osteometric board (a flat board with a fixed base and a sliding upright to enclose a bone for 
measurement). This method was utilised by Trotter and Gleser (1952) and is still used in 
contemporary forensic casework in the field and laboratory. Traditionally, there are two 
methods for measuring maximum length of the femur; ‘maximum length’ – measurement from 
the most proximal point on the femoral head to the most distal point on the medial condyle, and 
‘bicondylar length’ – measurement from the most proximal point on the femoral head to the 
distal surface of both medial and lateral condyles (Buikstra and Ubelaker, 1994) (Figure 2.2-1) 
when secured against the fixed base of an osteometric board.  
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Figure 2.2-1: Demonstration of the two methods of measuring maximum femoral length. 
(A) Maximum length from head to medial condyle of femur; (B) Bicondylar length from head 
of femur to distal plane between medial and lateral femoral condyles (‘61’ represents 
measurement B). (Buikstra and Ubelaker, 1994).  
 
2.2.2 Fragmentary Remains 
 As the regression method of stature estimation requires long bone lengths, it relies on 
the utilisation of intact bones. However, in forensic casework the femur is occasionally found 
in different states of fragmentation. This results in difficulty in obtaining an accurate length 
measurement. Morphometric measurements on fragments of the femur can be taken to 
determine correlations between bone measurements and stature, with particular measurements 
having the potential to increase the accuracy of established equations or aid in the construction 
of new equations in cases of fragmentary remains (Bidmos, 2009; Chandran and Kumar, 2012). 
One of the first studies assessing maximum long bone length and stature from fragmentary long 
bones was Steele and McKern (1969), where regression formulae were constructed from 
segments of the femur to estimate long bone length. Five segments were investigated, including 
measurements from the lesser trochanter, proximal extension of the popliteal surface and the 
intercondylar fossa of the femur. Living stature could then be estimated utilising the Genoves 
(1967) or Trotter and Gleser (1958) stature equations; this is known as the indirect method for 
measuring stature. The authors state though that estimating total length and then stature 
introduces inaccuracies (Steele and McKern, 1969). The direct method for measuring stature 
involves the use of one equation to estimate height. 
 
Typically epicondylar breadth is measured in fragmentary femoral research (Bidmos, 
2009; Chandran and Kumar, 2012), with equations being constructed for a South Indian male 
A 
B 
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population using the indirect method (Chandran and Kumar, 2012) and a South African 
population using both the indirect and direct method (Bidmos, 2009). Bidmos (2009) found that 
the direct method was more accurate than the indirect method. To the best of our knowledge, 
femoral midshaft measurements have not been investigated in fragmentary remains research, 
possibly due to the small measurements obtained, therefore may not be expected to correlate 
with stature. Although there are no investigations into this correlation, a number of studies have 
been conducted utilising midshaft diameter, circumference and cortical area of the femur 
evaluating the effect of age (Sumner and Andriacchi, 1996; Vance et al., 2010) and sex (Feik et 
al., 1996; Harma and Karakas, 2007; Iscan and Shihai, 1995; Mall et al., 2000; Peacock et al., 
2009).  
 
A number of changes occur in the cortical bone compartment of the diaphysis of long 
bones with advancing age. In senescent persons, generalised bone loss is characterised by a 
thinning of the cortical bone; however, despite this loss of bone mass, bone strength is 
sustained by an expansion of the bone circumference through the generation of more bone on 
the periosteal surface of the cortex (Vance et al., 2010). A study by Sumner and Andriacchi 
(1996) utilised computed tomographic images of a femoral midshaft cross-section to identify 
that the cross-sectional properties continued to increase throughout adulthood.  
 
Feik et al. (1996) conducted a study on Australian individuals aged 1-97 years and 
found sexual dimorphism in cortical area, with males displaying a uniform increase in area up 
to the seventh decade, while females displayed stability until menopause. Peacock et al. (2009) 
also found sexual dimorphism in CT scans, indicating that cortical area is lower in females 
when compared to males. Harma and Karakas (2007) report that males demonstrated a larger 
midshaft transverse diameter (mediolateral diameter) in their CT study, however the results 
were not significant. A study by Ross and Manneschi (2011) found significant sexual 
dimorphism of circumference at the midshaft, displaying 86% sexing accuracy. Overall, it is 
apparent that males display larger femoral measurements when compared to females.    
 
Stature is determined through the development and growth of long bones, which 
undergo three stages of development. Firstly, ossification centres appear at multiple sites in the 
 12 
cartilage model; secondly, the size of each centre increases throughout childhood and thirdly, 
the ossification centres fuse with one another (Scheuer and Black, 2000). Fusion takes place at 
a ‘growth plate’ and is initiated by hormonal fluctuations throughout puberty, particularly 
oestrogen, which stimulates maturity of the bone and results in fusion of the epiphyseal plate 
ending longitudinal growth. As females typically undergo puberty at an earlier age than males, 
female skeletal maturation antecedes the male (Scheuer and Black, 2000).  
 
2.3 POPULATION SPECIFICITY AND SECULAR TRENDS 
The human body has the ability to make long-term adaptations to environmental 
conditions as well as short-term ontogenetic adjustments (Pretty et al., 1998). Considerable 
differences in genetics and body proportions are evident within different populations (Ahmed, 
2013; Stevenson, 1929), resulting in variations within diverse geographical regions. Therefore, 
these ancestral disparities support the requirement for population-specific standards, such as the 
‘White’ and ‘Negro’ stature equations developed by Trotter and Gleser. Pearson (1899) 
highlighted that stature regression equations should be used with caution when being applied to 
other races, with other studies providing evidence that specific forensic standards are required 
for geographically separate contemporary populations due to variable morphological 
characteristics (Ishak et al., 2012). As mentioned earlier, a study by Stevenson in 1929 applied 
stature formulae derived from a French population to predict stature of a Chinese sample and 
vice versa, showing a difference of over 4cm, which they deemed too great to justify the use of 
French derived equations for Chinese individuals and vice versa (Stevenson, 1929).  
 
As the requirement of population-specific standards is generally accepted in the forensic 
anthropology field, many investigations have utilised the Trotter and Gleser equations to 
estimate the applicability of the technique to their particular population. Each study introduces 
modifications in order to better apply the calculation. Investigations have been conducted on 
numerous populations however currently there are no studies investigating the applicability of 
the Trotter and Gleser stature estimation equations on an Australian population. An Israeli 
study conducted by Kahana et al. (1996) found that there were minor differences between 
estimated and actual stature, and revised equations were established to improve the accuracy of 
height estimations in the Israeli population. Entirely new equations were computed for other 
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populations, including South-East Asian (Gocha et al., 2013), Italian (Giurazza et al., 2012), 
Thai (Mahakkanukrauh et al., 2011), Chilean (Ross and Manneschi, 2011), American (Wilson 
et al., 2010), Japanese (Hasegawa et al., 2009), South African white (Dayal et al., 2008), 
Croatian (Petrovecki et al., 2007), Polish (Hauser et al., 2005), Balkan (Ross and Konigsberg, 
2002) and Spanish (Munoz et al., 2001) populations. As stated by Duyar and Pelin (2003), 
there are significant differences in body proportions between populations over an extended 
period of time, with geographical area also influencing the relationship. According to Franklin 
(2010), population specificity is an important consideration in forensic anthropology as factors 
such as nutrition and health status vary between populations. Differences in a population due to 
secular change constitutes the reasoning as to why the Trotter and Gleser (1952) equations 
presented a high mean square error and were not applicable to a contemporary American 
sample, as demonstrated in the Wilson et al. (2010) study. 
  
Rather than being dependent on genetic variability between ancestral groups, population 
differences in femur:stature ratio may be influenced by socioeconomic status and health 
differences, with Duyar and Pelin (2003) claiming that there are significant differences in body 
proportions between populations due to nutrition and living conditions. Furthermore due to 
secular trends over the last two centuries, there has been a considerable increase in human 
height (Kieffer, 2010) with demonstrated differences between the long bone length and stature 
relationship in contemporary individuals compared to individuals of the Terry and Hamann-
Todd collections (Byers, 2008). As the Trotter and Gleser (1952) stature study was partially 
constructed from the Terry Collection, the samples may be inapplicable for contemporary 
individuals in an Australian population. According to Staub et al. (2011) the height of 19 year 
old Swiss males has increased by 14.9cm over 130 years due to an improvement in the standard 
of living, more specifically improvements in nutrition, hygiene and disease environment, with 
access to better health care, and a decrease in physical workload requiring extensive effort 
mainly through childhood. In addition, the age of menarche in a female provides a good 
indication of physical development. According to Gohlke and Woelfle (2009) and Cole (2000), 
since the 19
th
 century the age of menarche of a Western population has decreased dramatically 
from the age of 17 years to approximately 13 years in the 1960’s, where it still remains 
currently. Although the accelerated puberty may indicate that skeletal growth is completing 
earlier, secular trends have still continued and the population is continually increasing in 
height, albeit at a slower rate over more recent decades (Gohlke and Woelfle, 2009).  
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According to the 2011-2012 census conducted by the Australian Bureau of Statistics 
(ABS) (2012), the average Australian male (aged 36 years) was 175.6cm, with the average 
male aged 18-24 years being 177.8cm tall, and the average male aged 75 years and over 
measuring 169.7cm in height. The average Australian female (aged 38 years) has a height of 
161.8cm, the average female aged 18-24 years being 163.8cm, and the average female 75 years 
and over measured 155.7cm. Therefore, it can be seen that the average Australian population is 
progressively growing taller over the decades, however, there was no Australian reference 
height data available from the 1950s for a valuable comparison.  
 
2.4 SEXUAL DIMORPHISM 
 As previously mentioned there are many factors that affect stature, including sex, where 
on average males have a greater stature when compared to females (Moore and Ross, 2013). 
This is likely due to the later onset of puberty meaning their epiphyseal growth plate remains 
open for longer, allowing additional years of longitudinal bone growth before bony fusion. As 
mentioned above, the ABS (2012) determined the average Australian male aged 18 years and 
over is 175.6cm tall, while the average Australian female 18 years and over is 161.8cm tall, a 
difference of 13.8cm between sexes. Evolutionarily speaking, natural selection, sexual 
selection, genetics and developmental constraints lead to sexual dimorphic differences in body 
size (Halamkova et al., 2013). To accurately estimate height, specific sex formulae are required 
to reduce the error. According to Hrdlicka (1939), the correlation between long bone length and 
stature differs between sexes, with male long bones having a higher correlation with height. 
Meadows and Jantz (1995) showed that secular change is more prominent in males and females 
are more resistant to changes in the environment. Due to the female’s biological need to sustain 
pregnancy and lactation, it is thought that females may be buffered against environmental 
stressors (Moore and Ross, 2013) possibly indicating that there may be less error associated 
with the Trotter and Gleser (1952) stature equations when applied to females compared to men. 
Further, there is a significant difference in body proportions in males and females, with a 2012 
study demonstrating that males exhibited shorter trunks and longer legs than females, 
supporting the need for separate male and female regression formulae as the femur:stature ratio 
is sexually dimorphic (Vercellotti and Piperata, 2012).  
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According to Srivastava et al. (2012), the femur itself can be as accurate or even more 
accurate for sex determination than the skull. A Chinese study by Iscan and Shihai (1995) 
showed that femoral epicondylar breadth was the most accurate in estimating sex, followed by 
the combination of femoral midshaft circumference and epicondylar breadth. All femoral 
measurements appeared to be larger in the male sample when compared to the female sample. 
In comparison, a study on North American whites in 1979 by DiBennardo and Taylor showed 
that the most accurate predictor of sex was the combination of age, length, circumference, 
anterior-posterior diameter and transverse diameter of the femur, followed by using just 
femoral shaft circumference, although the authors did not measure epicondylar breadth. Again, 
all femoral measurements were larger in males when compared to females. Therefore, on the 
basis that forensic anthropologists are able to estimate sex in the femur, sex-specific stature 
estimation equations are required to improve the accuracy of stature estimation. 
 
2.5 BILATERAL ASYMMETRY 
Directional asymmetry is the quantification of the direction and extent of skeletal 
asymmetry in the upper and lower limbs, primarily caused by lateralized behaviours (Abdel 
Fatah et al., 2012). According to Ruff (2000), body mass and its distribution affect the weight-
bearing bones of the skeleton due to mechanical loading. Further, Kanchan et al. (2008) stated 
that the contralateral lower limb to the dominant upper limb is larger than the ipsilateral lower 
limb; this is known as the cross-symmetry pattern. Trotter and Gleser (1952) aimed to 
determine if there were any differences between the lengths of right and left long bones, 
enabling a justification for utilisation of one bone to be chosen over the other in forensic cases 
where both bones are attained. The authors found no significant or consistent differences and 
therefore deemed it to be impractical to implement an adjustment when only one bone is 
available. They also mentioned that it is beneficial to average the two bones in a pair as there is 
greater reliability in an averaged measure. In contrast Krishan et al. (2010) measured only 
right-hand dominant individuals and found presence of significant bilateral asymmetry of 
maximum length in the lower extremities, with the right side being consistently longer. The 
authors established that bilateral asymmetry may affect stature estimation, concluding that it is 
necessary to develop separate formulae for the left and right sides. According to a case study by 
Kanchan et al. (2008) however, the femur demonstrated the least amount of skeletal asymmetry 
when compared to other long bones of the upper and lower limbs, due to exposure of relatively 
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equal amounts of mechanical loading. Overall, the literature states that there is asymmetry 
present in the femur, therefore warranting further investigation in this study.   
 
2.6 COMPUTED TOMOGRAPHY AND VIRTUAL ANTHROPOLOGY 
Due to recent advances in technological capabilities, the utilisation of multi-slice 
computed tomography (MSCT) alongside various software programs have enabled virtual 
reconstruction of human remains, leading to novel research directions and field applications in 
forensic anthropology. Plain radiograph-based studies are collected retrospectively as part of 
clinical procedures and therefore the medical history of the patient often produces artefacts in 
the sample such as fractures. Further, magnification and superimposition artefacts are 
encountered in two-dimensional radiography and if the degree of magnification due to the 
divergent x-ray beam is not assessed and accounted for using a magnification factor, 
measurements may be inaccurate (Descamps et al., 2010; Smith, 2007). As CT is a non-
invasive three-dimensional imaging procedure, the construction of a large modern population 
database is possible where there are no superimposition limitations and minimal magnification 
artefacts. Construction of a biological profile from virtual CT images has proven to be 
extremely valuable in victim identification (Blau and Briggs, 2011; Sidler et al., 2007). In an 
Australian context CT imaging is currently only used in the Victorian Institute of Forensic 
Medicine (VIFM) and Brisbane mortuary for external autopsies in case investigations. 
Consequently, CT imaging has the potential to aid in the construction of a larger contemporary 
sample pool where dry bones are unavailable as postmortem scanning of every deceased 
individual is standard protocol in Queensland Health and Forensic Scientific Services (QHFSS) 
– Forensic Pathology Brisbane Mortuary. Furthermore in a majority of cases, CT scans 
collected from deceased individuals will have less trauma artefacts compared to scans collected 
at hospitals from patients undergoing diagnosis and treatment. 
 
In an Australian context, the pivotal role of CT scanning in the 2009 Victorian 
Bushfires (Cordner et al., 2011) demonstrated the benefits of virtual analysis for victim 
identification. CT scanning was used to estimate cause of death, warranting autopsy by 
dissection only if the injuries appeared to be inconsistent with the effects of fire. Further, CT 
aided in identifying prostheses, to differentiate between comingled remains, identifying 
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personal belongings and to exclude ante-mortem injuries, without requiring a full autopsy. In 
relation to stature, multi-detector computed tomography (MDCT) has been previously applied 
to measure lower limb bones, including the tibia, calcaneus and talus, without defleshing, and 
demonstrated that there is no significant difference between CT measurements using 3D 
imaging workstations and measurements utilising osteometric measurements on defleshed 
bones (Robinson et al., 2008). Following CT scanning, the stacked slices are imported into 
specific software programs for three-dimensional reconstruction, allowing the element to be 
placed in any plane (essentially similar to a virtual osteometric board), to determine maximum 
length. A number of studies support the use of CT data as it avoids the requirement for 
defleshing remains while still providing measurements as accurate as traditional techniques 
(Giurazza et al., 2012; Karakas et al., 2011; Lottering et al., 2013; Ramsthaler et al., 2010; 
Robinson et al., 2008).  
 
2.6.1 Morphometric Software Programs 
There are a number of potential software programs available for three-dimensional (3D) 
analysis of bone surfaces from CT scans. Three dimenstional software platforms Amira
®
, 
OsiriX
®
, Mimics
®
 and Geomagic Design X
®
 are powerful, versatile products with the 
capability of visualising and manipulating virtual skeletal material.  
 
 Amira
®
 is a sophisticated program used to import Digital Imaging and Communications 
in Medicine (DICOM) files for image processing (FEI, 2013). Amira has been previously used 
in forensic anthropology research with a study conducted on improving sex estimation from 
crania by Jantz et al. (2013). The software is also frequently used in medical research with an 
application to a range of disciplines from ultrasound (Ayers et al., 2010) to microscopy 
(Dlaskova et al., 2010). The manual segmentation method is used to highlight specific 
structures within the 2D data matrix, allowing generation of only selected surfaces. The bone 
surface can then be reconstructed and prepared for exporting into secondary software platforms 
for morphometric measurement and analysis. According to Radetzki et al. (2013), Amira
® 
is 
able to generate exceptionally precise 3D bone reconstructions appropriate for morphological 
studies.    
 
 18 
 Geomagic Design X
®
 is a reverse engineering software allowing a comprehensive range 
of capabilities for data processing from a solid model (3D Systems, 2013). After importing the 
dataset from Amira
®
, an accurate polygon mesh can be created from the point cloud data; linear 
and areal measurements can be obtained utilising various modelling tools such as reference 
points, reference planes, reference vectors and reference polylines. A study by Reitz (2005) 
showed that Geomagic Design X
® 
is able to produce detailed polygonal bone models of the 
knee and performs well when accurately pinpointing bony locations. In addition, Geomagic 
Design X
® 
software has also been adapted for use in forensic anthropology to create 
craniofacial reconstructions of ancient child mummies (Cramblitt, 2013), to introduce a 
standardised protocol for precise measurement of juvenile crania (Lottering et al., 2013) and 
also in medical research to develop maxillofacial prosthetics (Taggart, 2012) and cranioplasty 
plates (Maravelakis et al., 2007).   
 
2.7 REPORTED HEIGHT vs. MEASURED HEIGHT 
Reported stature corresponds to ‘forensic’ stature used in missing person profiles, which 
in Queensland is usually acquired from the individual’s driver’s licence. The forensic stature is 
compared to estimated stature obtained using stature regression equations such as those 
developed by Trotter and Gleser (Trotter and Gleser, 1952). As licence height information may 
be frequently self-reported, a considerable amount of inaccuracy and systematic biases (Giles 
and Hutchinson, 1991) can be expected.   
 
Results of various studies have suggested that both males and females tend to 
overestimate their height (ABS, 1995; Himes et al., 2005; Ousley, 1995; Wang et al., 2002; 
Willey and Falsetti, 1991). However, the nature of the posed question needs to be considered, 
that is was it an honest estimate or an exaggerated estimate; this may depend on the 
environment in which the question was asked and/or by whom the question was asked as it may 
influence the estimation. An American study conducted on 8000 Army personnel (Giles and 
Hutchinson, 1991) found that males overestimated their height by approximately 2.5cm while 
females overestimated by approximately 1cm, which is supported by Willey and Falsetti (1991) 
and the Australian Bureau of Statistics (ABS, 1995); the latter finding overestimations of 2.1cm 
and 1.3cm in males and females, respectively. Overestimation of self-reported height may be 
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due to a subconscious rounding towards an individual’s preferred height, as found by Willey 
and Falsetti, 1991, who conducted a study on the driver’s licenses of a young, well-educated 
University sample. A study by the Australian Bureau of Statistics in 1995 found that 63% of 
males and 69% of females reported their height to within 3cm and 13% of males and 11% of 
females overestimated their height by 5cm or more. The remaining individuals in the study 
accurately estimated their height within 1cm of their measured height. Conversely, in a study 
on a Scottish population, men and women tended to underestimate their height by 1.3cm and 
1.7cm, respectively (Bolton-Smith et al., 2000). Another finding by Giles and Hutchinson 
(1991) and the Australian Bureau of Statistics (1995) showed that in general, taller people over 
175cm tend to overestimate their stature less. This is supported by a Danish study showing 
overestimation of shorter individuals and underestimation in taller individuals (Schlichting et 
al., 1981). The literature generally supports the understanding that taller people believe they are 
shorter and shorter people believe they are taller. The ABS (1995) and Giles and Hutchinson 
(1991) also report that older people overestimate their stature more. Older people may have an 
age-associated stature decrease and are estimating their maximum adult stature, not their actual 
current stature (Himes and Roche, 1982).  
 
It is also important to understand the inaccuracy that may be associated with measuring 
stature. Firstly, due to prolonged weight bearing over the duration of a day, the intervertebral 
disk height decreases (Reilly et al., 1984). This influences the overall measure of stature by 
approximately 1% (Corlett et al., 1987) with greater height measurements recorded in the 
morning. Secondly inter-observer error can result in significant variation in stature 
measurement. Theoretically, stature should be one of the simplest anthropometric 
measurements conducted as the measuring protocol can be standardised between measurers 
(Bennett and Osborne, 1986). However, consistency is often hard to obtain. In cases of licence 
data in Queensland, if the stature is not self-reported by the individual, the height is frequently 
measured by an employee of Queensland Transport and often no standardised procedure is 
applied, resulting in inaccurate measurements. According to Snow and Williams (1971), 
military stature measurements provide the highest accuracy, followed by medical data and then 
police records. In Queensland, the police obtain licence stature data from Queensland 
Transport, but in other Australian states the height is not recorded on driver’s licences, and 
therefore height data has to come from other sources such as family advice or medical data.  
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When renewing a Queensland driver’s licence, there is not always the option of 
measuring and updating an individual’s actual height. Since height data is rarely revised in 
licence reissues, original inaccuracies are perpetuated. Licence reissue occurs within every 5 
years when licences expire in Queensland, but height data is rarely revised. Therefore 
inaccurate stature data may persist over a significant number of years.  
 
A Queenlsand individual is authorised to receive their first driver’s licence at age 16 
years. Most individuals have not reached skeletal maturity until the age of 17 years in males 
and 14 years in females, with longitudinal growth cessation occurring after the period of 
puberty (Abbassi, 2002). Therefore most individuals, especially males, attain their licence 
before reaching skeletal maturity and will continue to increase in height after their first licence 
is issued. This error in the licence will be more significant in males since a greater proportion 
of males receiving their licence will not have reached skeletal maturity than females, due to 
sexually dimorphic timing of puberty and the hormonal regulation of longitudinal growth 
(Cole, 2000). 
 
2.8 AGE CORRECTION FACTOR 
The study by Trotter and Gleser (1952) was the first to address the relationship between 
ageing and stature estimation. It is known that the intervertebral disks tend to compress due to 
appearance of microfractures, stiffen and become more fibrous with increasing age, causing the 
total vertebral length to decrease, resulting in an overall loss in stature (Galloway et al., 1990). 
Furthermore, Galloway and colleagues (1990) demonstrated that changes in bone mineral 
density and accumulation of stress microfractures may cause a collapse or wedging in vertebral 
bodies also contributing to the loss of height with age. Trotter and Gleser (1952) applied a 
partial correlation technique and found that the correlation between age and stature was 
negative, noting that stature reduction begins at the age of 30 years and a correction formula 
was implemented for subtraction from height calculated using the acceptable stature equation. 
A steady decrease of 0.06cm per year was observed in Trotter and Gleser’s (1952) study, 
although stature loss does not appear to be significant directly after age 30 years. In contrast, 
Galloway (1988) suggested stature reduces after the age of 45 years, but normally becomes 
noticeable by the late 50’s. Chandler and Bock (1991) state that the decline in stature increases 
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with greater age, showing that the decrease is nonlinear and that there are sex differences 
affecting the decline. A greater decrease in women is suggested due to the prominence of 
osteoporosis resulting in vertebral compression, also associated with the timing of menopause. 
Giles (1991) provided an adjustment table for implementation in male and female individuals 
over the age of 45 years, where the age-appropriate centimetres are subtracted from the overall 
stature estimation. 
 
As Giles (1991) utilised a large sample size (n=1200 males, 1000 females) and was a 
longitudinal study, it yields the most reliable correction factors currently available, but age 
corrections are subject to a considerable amount of error as there is significant variation in how 
individuals progress in old age (Klepinger, 2006). As the age factor implication is not 
standardised and varies between anthropologist’s preferences, this study will utilise the Trotter 
and Gleser (1952) stature loss equation and the Giles adjustment table (Table 2.8-1).  
 
Table 2.8-1: Age Correction Factor as calculated by Giles. Centimetres to be subtracted 
from calculated stature at different ages. (Giles, 1991).  
 
 
2.9 CADAVER STATURE 
According to Trotter and Gleser (1952), there are differences between living stature and 
stature after death, with the authors finding that 2.5cm should be subtracted from the cadaveric 
height to determine the living stature. A number of studies noted a discrepancy of 2cm due to 
soft tissue compression when an individual is standing when compared to being in a recumbent 
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position (Manouvrier, 1892; Pearson, 1899; Telkka, 1950). However, some researchers 
disagree and believe there is no notable difference between living and cadaveric stature, 
therefore there is no standard, accepted formula for the conversion (Petrovecki et al., 2007). 
Nonetheless, the Trotter and Gleser (1952) recommendation of ‘2.5cm’, or an adjustment factor 
of ‘2cm’ as first determined by Manouvrier (1892) has been widely utilised in studies where 
cadaver height has been measured as the Trotter and Gleser formulae estimate living stature. 
The difference in statures is due to an expansion of intervertebral soft tissue, loss of water and 
muscle tonicity in cadavers, and according to Trotter and Gleser (1952), it can be assumed that 
the living stature and cadaver stature differences are constant so can be applied to different 
ancestral groups and sexes as a ‘blanket’ adjustment. Although there have been no studies 
investigating cadaveric stature at various time intervals since death, it has been noted that rigor 
mortis may also influence stature after death due to the shortening and stiffening of the muscles 
(Hauser et al., 2005).  
 
When comparing standing height and supine height, intervertebral discs are subject to 
time-dependent deformities when exposed to loading, with fluid flow influencing disc height, 
therefore causing a modification in body height (Broberg, 1993). Further, as stated by Krishan 
et al. (2009), the force of gravity when standing and walking causes compression of the 
intervertebral discs, with the vertebral column influencing changes in height more so than any 
other joint in the body. A study by Gray et al. (1985) showed a difference of 3.68cm between 
standing height and supine height measured while the patient is in bed, and suggested that 
compressibility of the axial skeleton may contribute to the difference.  
 
In summary, it is apparent that there are a number of factors that need to be taken into 
consideration when measuring an individual’s stature from human remains. This study will 
attempt to address all variables, enabling the construction of population-specific stature 
estimation equations suited to a contemporary Queensland population utilising numerous 
measurements of the femur. An innovative 3D software approach will be employed using 
mortuary CT data from adult Caucasian individuals.  
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CHAPTER 3 
ASSESSING THE RELIABILITY AND ACCURACY ASSOCIATED 
WITH THE TROTTER AND GLESER METHOD 
 
3.1 INTRODUCTION 
As stature is an important component when establishing a biological profile for the 
identification of human remains, it is essential that it can be calculated with the highest 
accuracy. The Trotter and Gleser stature estimation equations (1952) have become the most 
widely utilised in forensic anthropology, however, since the equations were developed in the 
1950s on an American sample, their application to a contemporary Australian population 
warrants investigation. Current research strongly supports the need for population-specific 
standards, with new stature regression equations having been constructed for South-East Asian, 
Italian, Thai, Chilean, American, Japanese, South African White, Croatian, Polish, Balkan, 
Spanish and Israeli populations (Gocha et al., 2013; Giurazza et al., 2012; Mahakkanukrauh et 
al., 2011; Ross and Manneschi, 2011; Wilson et al., 2010; Hasegawa et al., 2009; Dayal et al., 
2008; Petrovecki et al., 2007; Hauser et al., 2005; Ross and Konigsberg, 2002; Munoz, 2001; 
Kahana et al., 1996). Furthermore, secular trends over recent decades have resulted in an 
increase in human height (Kieffer, 2010), suggesting that current stature estimation equations 
are outdated. 
 
In the original paper, Trotter and Gleser (1952) found no significant bilateral 
asymmetry of the femur and deemed it unnecessary to establish separate equations for right and 
left femora. Trotter and Gleser recommended the mean maximum length of the right and left 
femora to be used in the regression equation. However, evidence of bilateral asymmetry in the 
human body has been commonly reported in the literature (Kanchan, 2008) and the value of 
employing separate right and left equations for stature estimation needs to be further 
investigated.  
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The estimation of stature has the potential to discriminate between missing persons 
profiles; therefore it is necessary to determine whether specific modifications to these 
traditional equations are required for a modern Australian population. To overcome limited 
availability of physical contemporary skeletal collections in Australia, the use of computed 
tomography (CT) and ‘virtual anthropology’ provides an ideal tool to advance forensic 
anthropology research in Australia. 
 
3.2 SPECIFIC AIMS AND HYPOTHESES 
 The first aim of this research project is to determine the reliability and accuracy of 
stature estimation when bicondylar (femoral) length, as measured in computed tomography 
(CT) three dimensional (3D) models, is substituted into the ‘White’ Trotter and Gleser stature 
regression equations of an adult Queensland Caucasian population. More specifically: 
(i)  To develop a standardised protocol for measuring cadaver stature; 
(ii) To develop a reliable virtual protocol to measure bicondylar femoral length from 
CT datasets; 
(iii)  To determine the appropriateness of employing the ‘White’ femoral Trotter and 
Gleser (1952) stature regression equations to estimate stature of an adult 
Queensland Caucasian population in a forensic context; 
(iv)  To investigate the presence of sexual dimorphism and bilateral asymmetry of the 
femoral length in an adult Queensland Caucasian population; and determine 
whether this affects the accuracy of stature estimation using the Trotter and Gleser 
(1952) stature equations. 
 
3.2.1 Specific Objectives 
(i)  The reliability of measuring the maximum femoral length in 3D reconstructed CT 
models using the software Geomagic Design X
®
 (previously Rapidform
™
) will be 
determined through intra- and inter-observer testing.  
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(ii)  The measured maximum length of both the left and right femora of male and 
female individuals will be imported into the appropriate Trotter and Gleser 
stature equations to calculate ‘estimated’ height of each individual.  
(iii) Bias, inaccuracy and significant differences will be determined by comparing the 
‘estimated’ height provided by the Trotter and Gleser equation to the actual 
‘measured’ height of each individual.  
 
3.2.2 Specific Hypotheses 
Hypothesis 1. A standardised protocol to measure maximum femoral length with high 
reliability can be achieved using CT virtual models. 
Hypothesis 2. Estimated height will be significantly lower using the Trotter and Gleser 
stature equations than the individual’s actual height in an adult Queensland 
Caucasian population due to secular trends increasing height, making the 
Trotter and Gleser stature regression equations inapplicable to a contemporary 
adult Australian sub-population.  
Hypothesis 3. Male individuals will display significantly higher maximum femoral lengths 
than females in an adult Queensland Caucasian population. 
Hypothesis 4. Left femora will display significantly higher maximum femoral lengths than 
right femora in an adult Queensland Caucasian population due to right-
handedness resulting in contralateral increase in the size of left limbs. 
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3.3 MATERIAL AND METHODS 
 
3.3.1 Sample Demographics 
The sample consisted of three-dimensional MSCT scans of the left and right femora 
(scanned simultaneously) from 76 male (n=51) and female (n=25) individuals (Figure 3.3.1-1).  
Figure 3.3.1-1 – Age and sex distribution of the sample demographic for General Aims 1 
and 2. The frequency of male (blue; n=51) and female (pink; n=25) individuals analysed in this 
study according to age. 
 
All samples were Caucasian, de-identified adults born between 1937 and 1996 (aged 17 
– 76 years). Scans were collected from deceased individuals undergoing autopsy at the 
Brisbane Mortuary in 2012-2013. The Brisbane Mortuary routinely scans all residents in the 
greater Brisbane metropolitan area who were subject to ‘sudden death’. Of the 76 individuals in 
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this study, the majority were males with a range of statures, with a smaller female sample pool 
clustered in the low stature range (Figure 3.3.1-2).  
Figure 3.3.1-2. Sample distribution for General Aims 1 and 2 showing stature range. Male 
(blue: n=51) and female (pink: n=25).  
 
All scans were obtained from the Pictures in Archival Communication System (PACS) 
Medical Imaging repository at the Queensland Health Forensic and Scientific Services 
(QHFSS) - Forensic Pathology Mortuary at Coopers Plains. As postmortem scanning of every 
deceased individual is standard protocol at the Brisbane mortuary, a specific collaborative 
agreement was created between QUT and QHFSS (AU/1/569D05) allowing access to CT data, 
technical expertise, confidentiality and authorship for the duration of the project. Biological 
parameters such as age, sex and cadaveric stature were disclosed to the investigator. Ethics was 
approved by the QHFSS Human Research Ethics Committee with Genuine Researcher 
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Approval from the State Coroner and QUT Ratification (Ethics #: 1300000091).  
 
Due to the unpredictability of Queensland mortality rates, sex numbers could not be 
controlled and this resulted in a bias of male samples. Individuals exhibiting severe 
pathological abnormalities, significant trauma or prosthetic implants/orthopaedic materials 
were excluded from analysis. Only Caucasian individuals (determined by Queensland police as 
per ‘Coronial Form 1’) were included in this study as statistically viable results would not be 
obtained from the number of Aboriginal and Torres Strait Islander cases at QHFSS Forensic 
Pathology Brisbane Mortuary during the duration of the study. The only method for 
determining Caucasoid ancestry in the circumstances of this research is via police assumption, 
therefore potential issues may arise in the determination of ancestry, however, the influence is 
likely to be very small and therefore insignificant. Unfortunately we were unable to obtain 
specific details in relation to the birthplace or breakdown of ancestral origin for the samples 
utilised in this study, however utilisation of a heterogeneous sample is representative of a 
Queensland population and is therefore more applicable to the outcomes of this research. 
Caucasian ancestry was selected to represent the largest proportion of the Queensland 
population and to exclude potential outliers of individuals of mongoloid, negroid and 
Australian Aboriginal/Torres Strait Islander origins. ‘Caucasian’ generally refers to mixed 
ancestry (as every individual in the population represents a specific genotype). Digital samples 
in the form of multi-slice CT DICOM datasets were uploaded to the “Skeletal Biology and 
Forensic Anthropology Research Virtual Osteological Database” housed at the Queensland 
University of Technology.  
 
3.3.2 Data Acquisition 
Computed tomography (CT) scans were conducted at the Forensic Pathology Mortuary 
using a Toshiba
®
 Aquilion LB™ 16-slice CT scanner (Toshiba Medical Systems, Tochigi, 
Japan), using a resolution of 2mm slice thickness and 1.6mm slice overlap (mA varied 
according to Toshiba ‘Sure Exposure’). An independent operator managed data acquisition, 
isolated the region of interest (the femora) and applied an appropriate bone algorithm threshold 
(300HU) to the supplied samples, for the purposes of de-identification from potential identifiers 
such as tattoos and scars. Such sample preparation was conducted on a Vitrea
® 
workstation 
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(Toshiba Medical Systems, Minnetonka, Europe) and saved in a Digital Imaging and 
Communications in Medicine (DICOM) format on DVD discs for collection and transport to 
the QUT Gardens Point campus.  
 
3.3.2.1 Cadaver Stature Measurement  
As part of ethical clearance, it was proposed that a Standard Operating Procedure for 
cadaver stature measurement be created for implementation by the mortuary technicians. 
Measurements of three cadavers (one embalmed, two fresh) were conducted at the Queensland 
University of Technology (QUT) Medical Engineering Research Facility (MERF) to determine 
the effect of head and foot positioning on overall stature measurements. It was observed that 
the position of the head did not affect the stature measurement; no significant differences were 
observed between height calculated when the infraorbital margin and external auditory meatus 
aligned vertically, the head slightly hyperextended from this position or when no towel was 
placed under the head with moderate hyperextension. Measurements showed little difference 
when the position of the ankle was alternated, but it was recommended that the ankle be placed 
in a plantarflexed position and the measurement lever be placed on the most distal point of the 
heel pad for consistency and repeatability.  
 
Actual stature (height) measurements of the postmortem individuals were therefore 
conducted in a supine position and recorded by trained laboratory technicians, using the 
SBFAR ‘Standard Operating Procedure – Cadaver Stature Measurement’ protocol (Appendix 
1). Two stature measurements of every individual were taken (one from each calcaneal region) 
and the measurements were averaged to determine actual stature. 
 
3.3.3 Data Processing 
 The DICOM datasets provided by the Brisbane Mortuary were stored according to the 
Skeletal Biology and Forensic Anthropology Research Laboratory in-house standard operating 
procedures. Firstly, a copy of all data is uploaded onto a restricted, secure High Performance 
and Computing server and then all data is imported into a secure OsiriX
®
 database (Pixmeo, 
Switzerland). The DVD discs are stored under lock-and-key and are only accessible to the 
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principal investigators. A running spreadsheet was kept up-to-date where all information such 
as sample number, age, sex, stature and all bone measurements were stored.  
 
3.3.3.1 Amira
®
 (Figure 3.3.3-1; Figure 3.3.3-2) 
Amira
®
 (VSG, USA), a multifaceted 3D visualisation software platform, was used to 
produce a 3D reconstruction from the thin-slice stacked DICOM datasets. Using manual 
segmentation with a threshold of approximately 300HU, the tibia and patella were removed and 
the femur and acetabulum of the hip bone were selected. The acetabulum was not removed as 
the process is very time consuming and difficult to separate the superior point of the head of the 
femur from the surface of the acetabulum; consequently the proximal end of the femur was able 
to be identified in a latter step and therefore the accuracy was not compromised by leaving the 
acetabulum intact. After manual segmentation was completed, an isosurface model was 
generated and the 3D bone model was extracted as an OBJ file.  
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Figure 3.3.3-1: Amira
®
 manual segmentation work process to isolate femur. The Amira work flow 
consisted of (A) selecting all bone surfaces at a threshold of ~300HU (the proximal tibia and medial 
femoral condyle can be seen here from a superior view); (B) scrolling through the distal orthoslices and 
deselecting unnecessary bone surfaces using the ‘lasso’ tool (the proximal tibia has been deselected in 
the superior view – note absence of orange highlight); (C) the selected bone surfaces were ‘added’ (the 
distal femoral condyles have been selected [purple highlight] without the patella seen from a superior 
view); and (D) a virtual model was generated to visualise the entire femoral bone (anterior view), note 
acetabulum maintained in model adjacent to femoral head.   
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Figure 3.3.3-2: Amira
®
 manual segmentation to remove the tibia. (A) The bone isosurface with the 
tibia included (anterior view); (B-D) midsagittal view of manual segmentation to remove the tibia: (B) 
femur and tibia selected, (C) the paintbrush tool is used to remove the tibia, (D) the tibia is now 
deselected; and (E) the resulting isosurface of the femur without the tibia or patella present (anterior 
view).  
 
 
 
 
 
 
3.3.3.2 Geomagic Design X
®
 (Figure 3.3.3-3 to Figure 3.3.3-7) 
The OBJ file previously created in Amira
®
 was imported into Geomagic Design X
®
 (3D 
Systems Inc., USA) as a high quality 3D reconstruction for virtual morphometric examination. 
To determine maximum length of the femur, a series of anatomical reference planes were 
required to represent a ‘virtual osteometric board’. Firstly, to create a posterior base plane on 
the femur, two reference points were placed on the posterior surfaces of the medial and lateral 
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Figure 3.3.3-3: Construction of the posterior base plane for maximum femoral length 
measurement in Geomagic Design X
®
. (A) posterior base plane was created by aligning reference 
point 1 (medial femoral condyle), point 2 (lateral femoral condyle) and point 3 (greater trochanter) 
(posterior view) and (B) lateral view of the femur fixed on the posterior base plane.  
 
condyles and a third reference point placed on or near the greater trochanter (at the most 
posterior point). From these reference points, a base plane was generated (Figure 3.3.3-3).  
 
 
 
 
Secondly, a distal plane was created. A silhouette curve, representing the outer 
boundary of the distal portion of the bone, was projected onto the two-dimensional posterior 
base plane (Figure 3.3.3-4). The outline is created as a polyline, which is then converted into a 
smoothed curve with 400 interpolation points. The two most distal points on the curve 
representing the most distal points of the medial and lateral femoral condyles were selected. A 
vector was created between the two distal points, from which a rotational plane parallel to the 
vector was generated perpendicular to the base plane to construct the distal plane (Figure 3.3.3-
5). From here, the view clip tool (which controls the display of the surface) was used to select 
the distal plane and was dragged superiorly until the superior point of the femoral head could 
be distinguished. The view could be manipulated to ensure that the most superior point on the 
head of the femur had been identified with confidence (Figure 3.3.3-6). The bone model was 
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Figure 3.3.3-4: Silhouette curve for maximum femoral length measurement in Geomagic Design 
X
®
. (A) a ‘silhouette curve’ was projected onto the posterior plane to correspond to the outer 
boundary of the distal femoral surface; and (B) anterior view of the silhouette curve without the bone. 
surface.  
 
then cut here and a proximal offset plane was created at the most superior point of the femoral 
head parallel to the distal plane at the cut surface. An automated plane-to-plane measurement 
was taken between the distal and proximal planes, corresponding to the maximum bicondylar 
length of the femur (Figure 3.3.3-7). This method was repeated for both the left and right 
femora from each individual.  
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Figure 3.3.3-5: Distal vector for maximum femoral length measurement in Geomagic Design 
X
®
. A distal vector was constructed by selecting the two most distal points on the 3D mesh sketch 
corresponding to the most distal parts of the medial and lateral femoral condyles and a distal plane 
was created parallel to the vector and rotated perpendicular to the posterior plane.  
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Figure 3.3.3-6: View clip tool for maximum femoral length measurement in Geomagic Design 
X
®
. (A) lateral view of the femur demonstrating the distal plane and the posterior base plane; (B) 
using the ‘view clip’ tool, the distal plane was selected and dragged proximally along the bone; and 
(C) the view clip plane is adjusted until the most proximal point of the femur (femoral head) was 
distinguished. 
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Typically anthropological studies conduct measurements utilising dry bone, however, a 
number of studies have validated CT measurements by comparing them to dry skeletal 
measurements and found negligible error (Brough et al., 2013; Franklin et al., 2013; Lottering 
et al., 2013), therefore validating that the use of virtual femoral measurements are as reliable as 
traditional dry skeletal measurements. As mentioned, Trotter and Gleser (1952) utilised 
maximum femoral length to construct the stature regression equations, however in this study, 
bicondylar (femoral) length was utilised. The two techniques for measuring femoral length in 
anthropological studies were described in Chapter 2, Section 2.2.1. As justified by 
Mahakkanukrauh et al. (2011) the difference between the two measurements is small 
(maximum femoral length is 0.3cm longer on average); although it is significant it is nearly 
perfectly correlated, which produces an almost identical estimate of stature, therefore either 
measurement is equally valuable. For ease of constructing a virtual protocol on a reverse 
engineering platform, bicondylar length was utilised as a distal plane using both medial and 
lateral femoral condyles was more reliable to implement and the viewclip can distinguish the 
head of the femora adequately without requiring the acetabulum to be removed.  
 
3.3.4 Observer Error 
To assess intra-observer error, the maximum lengths of ten femora were measured over 
Figure 3.3.3-7: Maximum femoral length measurement of the femur in Geomagic Design X
®
. 
An offset plane was created along the section of bone cut off by the view clip representing the 
proximal plane of the femur and the maximum bicondylar femoral length is measured between the 
distal and proximal planes. 
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three evaluation days. Inter-observer error was assessed on the same samples by three 
independent observers on one evaluation day. To quantify error, technical error of measurement 
(TEM), relative TEM (rTEM) and coefficient of reliability (R) were calculated. In accordance 
with Franklin et al. (2013), acceptable levels of error were R > 0.95 and rTEM < 5%.  
 
3.3.5 Estimating Stature from the Trotter and Gleser Equations 
As this study was composed of only Caucasian individuals, Trotter and Gleser’s 
‘White’ equations were utilised with a unique equation for females and males to estimate erect 
stature (Table 3.3.5-1). As the left and right femora were measured on all individuals, the 
maximum measurement in centimetres of both the left and right femora was used separately for 
implementation into the ‘fem’ section of the appropriate equation (as per Trotter and Gleser, 
1952), followed by the mean maximum length. The equations were applied to every individual 
to determine the individual’s estimated stature (in centimetres) according to Trotter and Gleser, 
and were then compared to their ‘actual’ stature measured at the Brisbane Mortuary.  
 
Table 3.3.5-1: Stature equations for the femur of White and Negro males and females, as 
calculated by Trotter and Gleser. (Trotter and Gleser, 1952). 
NB:
Maximum length of the 
femur (fem) is measured in centimetres. 
 
 
3.3.6 Stature Measurement Adjustments 
 As all individuals in this stature research were measured in a supine position, 
corrections were required to estimate actual standing height to account for reported stature 
differences between supine and erect positions, and any effects the cadaveric state may have on 
stature. As recommended by Trotter and Gleser (1952), 2.5cm was substracted from the 
cadaver height to estimate the individual’s living stature when standing. The original cadaver 
 Equation Standard Error  Equation Standard Error 
White Males 2.38 fem + 61.41 3.27 White Females 2.47 fem + 54.10 3.72 
Negro Males 2.11 fem + 70.35 3.94 Negro Females 2.28 fem + 59.76 3.41 
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height and adjusted standing height were used to determine the applicability of the Trotter and 
Gleser based stature estimation in an Australian Caucasian sub-population. Furthermore, stature 
at the Brisbane Mortuary was acquired by measuring the height from the left and right 
calcaneal regions, leading to two separate measurements. Paired T-tests were conducted to 
determine whether asymmetry was present between left and right based stature measurements.  
 
3.3.7 Age Adjustment 
 Trotter and Gleser (1952) recommended an age adjustment to estimated stature 
calculations for individuals over 30 years old to account for living stature loss with advancing 
age, therefore the adjustment factor was applied on 67 samples aged over 30 years in this 
research. Upon calculating stature using the appropriate Trotter and Gleser (1952) equation, 
0.06*(age – 30)cm was applied, resulting in the final stature estimate. In addition, more 
recently Giles (1991) constructed a sex specific stature adjustment table (refer to chapter 2, 
Table 2.8-1, Section 2.8) which is frequently applied in the field of anthropology; therefore the 
Giles (1991) age adjustment was also analysed on our sample.  
 
3.3.8 Statistical Analysis  
Statistical analyses were performed in SPSS
®
 v19 (SPSS Inc, Chicago, USA) with 
statistical significance regarded as marginal at p<0.1 and significant at p<0.05. A Kolmogorov-
Smirnov test was utilised to demonstrate normality in both males and females to determine the 
application of parametric or nonparametric techniques. Descriptive statistics were conducted 
separately for males and females. Paired T-tests were used to compare the heights as estimated 
by the Trotter and Gleser equations to the actual heights of the Queensland population, and 
Pearson’s correlation coefficients (R) were used to demonstrate the strength of these 
relationships. Mean error was represented by bias (Σ(estimated stature-actual stature)/n) and 
inaccuracy (Σ(|estimated stature-actual stature|)/n) where n is the number of individuals. Bias 
represents the tendency of over or underestimation of stature, while inaccuracy depicts the 
average magnitude of absolute error. Interquartile range was the 25
th
 to 75
th
 percentile range of 
the absolute error for each individual within the sample and was employed for a measure of 
precision indicating the variance in the estimation. Sexual dimorphism in maximum femoral 
length was determined using independent sample T-tests and bilateral asymmetry was 
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calculated firstly using a paired T-test, and then using percent directional asymmetry (%DA), 
percent absolute asymmetry (%AA) and percent bias (%Bias) as based on the study by Abdel 
Fatah et al. (2012) with formulae presented below. 
.  
 
 
Directional asymmetry refers to the directional difference between the femoral 
measurements, while absolute asymmetry is the magnitude of the difference. Percentage bias 
was calculated as a count variable of asymmetry and is an alternative expression of directional 
asymmetry and is not influenced by descriptive statistics (Abdel Fatah et al., 2012). 
 
3.4 RESULTS 
3.4.1 Repeatability of the Geomagic
® 
Bicondylar Femoral Length Protocol 
Intra-observer error was low for the application of the Geomagic
®
 bicondylar femoral 
length protocol with a TEM value of 2.03mm, relative TEM (rTEM) of 0.431% and coefficient 
of reliability (R) of 0.995. The application of the protocol by two academics with minimal 
Geomagic experience and a postgraduate student experienced in the software demonstrated that 
the method is repeatable with an inter-observer TEM value of 2.86mm, rTEM of 0.607% and R 
value of 0.992. The level of error displayed is in accordance with the accepted range of R > 
0.95 and rTEM < 5% (Franklin et al., 2013) (Table 3.4.1-1). 
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Table 3.4.1-1 – Inter-Observer technical error of measurement (TEM) and relative TEM 
(rTEM) from measurements of bicondylar femoral length (mm) performed by three 
observers. 
 
     Maximum Length (mm) as determined by 3 Observers    
Subject 1 2 3 TEM (mm) rTEM (%) 
1 463 463 459 1.89 0.40 
2 456 455 452 1.70 0.36 
3 467 467 464 1.41 0.30 
4 439 456 440 7.79 1.65 
5 490 489 491 0.82 0.17 
6 486 486 486 0 0 
7 423 425 423 0.94 0.20 
8 448 443 446 2.05 0.44 
9 510 511 505 2.62 0.56 
10 530 530 530 0 0 
 
3.4.2 Descriptive Statistics  
The average age of both males and females in the sample pool for this study was 
approximately 50.5 years  15 years. Separately, male and female ages were not normally 
distributed (p>0.05), therefore the median age is reported. In this study, the male age ranged 
from 17-76 years, with a median age of 55 years  15.45 years, while the female age ranged 
from 20-72 years, with a median age of 44 years  14.12 years. The results showed that on 
average females were approximately 12.53cm shorter than males and had an average femoral 
length 4.05cm shorter than male individuals (Table 3.4.2-1). 
 
Table 3.4.2-1. Descriptive statistics for Queensland males and females in project sample 
(n=51 males, n=25 females). Measurements reported as mean ± standard deviation. 
NB: 
Measurements in centimetres (cm). 
 
 
 
 
 
 
Descriptive Statistics 
 Queensland Males Queensland Females 
Actual Stature Range 163.05 - 186.85 138.40 - 178.75 
Mean Actual Stature 175.17 ± 5.90 162.64 ± 6.76 
Mean Femoral Length Range 42.50 - 52.70 37.20 - 46.70 
Mean Femoral Length 47.18 ± 2.29 43.13 ± 1.83 
Mean Stature/Femoral Length: Mean of left and right measurements 
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When comparing mean bicondylar (femoral) length to mean stature in the pooled 
sample, a Pearson Correlation resulted in an R value of 0.917. When separated, males received 
an R value of 0.841 while females had an R value of 0.901, indicating that the length of the 
femur has a higher correlation with height in females than males.  
 
3.4.3 Stature Measurements of the Cadavers 
Upon measuring the cadavers at the mortuary, the laboratory technicians measured the 
bodies twice, once utilising the left calcaneal region and once utilising the right calcaneal 
region. As a result, the investigator obtained two stature measurements. A paired T-test showed 
that there was no significant difference (p>0.05) between left and right stature measurements of 
the cadavers with a mean difference of only 0.02cm overall, suggesting that there is no 
advantage using a particular calcaneal side for the cadaver stature measurement. Therefore the 
left and right measurements were averaged for each individual to represent ‘actual’ stature. 
 
3.4.4 Effect of Side on Trotter and Gleser Stature Estimation  
A paired T-test showed that there was no significant difference (p>0.1) between the 
Trotter and Gleser (1952) stature estimates when using the left femoral length compared to 
using the right femoral length, with a mean difference of 0.13cm. Therefore it is acceptable to 
average the maximum length measurements of both femora for implementation into the 
appropriate Trotter and Gleser stature equation.  
 
3.4.5 Applicability of Trotter and Gleser Stature Estimation in a Queensland Population 
Paired T-tests showed that when the Trotter and Gleser (1952) stature estimates were 
compared to the ‘actual’ stature of all samples (males and females pooled) there was a 
significant difference (p<0.05) and a Pearson’s Correlation Coefficient test returned an R value 
of 0.917 (Figure 3.4.5-1). As seen in Figure 3.4.5-2, the Trotter and Gleser (1952) stature 
regression equations underestimated actual standing height in 90% of samples.  
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Analysing male and female samples independently, the Trotter and Gleser stature 
estimates were significantly different to the actual stature (p< 0.05) in males with a Pearson’s 
Correlation Coefficient returning an R value of 0.841, with over and underestimations 
demonstrated in Figure 3.4.5-2. Female individuals also displayed a significant difference in 
estimated and actual stature with an R value of 0.901; again over and underestimations are 
displayed in Figure 3.4.5-2. 
 
 
 
Figure 3.4.5-1. Graphical representation of relationship between actual stature and 
Trotter and Gleser (1952) stature estimates for Queensland male and female individuals 
in the study sample pool. Female (pink circles); Male (blue circles); line indicates line of best 
fit with a correlation coefficient of 0.842. 
R=0.917 
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Figure 3.4.5-2. The magnitude of overestimation or underestimation using the Trotter and 
Gleser (1952) stature regression equations for each individual in the Queensland sample. 
Female (pink lines); Male (blue lines); positive values indicate overestimation; negative values 
indicate underestimation.  
  
3.4.5.1 Bias and Inaccuracy  
Combined, Trotter and Gleser (1952) stature estimates in Queensland males and 
females resulted in a negative bias with a tendency to underestimate and an inaccuracy 
(mean absolute error) of 4.15cm when compared to actual stature. Separately, males and 
females also showed an underestimation on average and inaccuracies of 4.66cm and 
3.11cm, respectively (Table 3.4.5-1). Percentage correct classification resulted in 75% of 
samples falling within the standard error range of the applicable Trotter and Gleser (1952) 
stature equation. 
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Table 3.4.5-1. Bias, inaccuracy and precision (IQR) results for Queensland males and 
females in this study (n=51 males, n=25 females) when comparing ‘actual’ stature to 
Trotter and Gleser stature estimates. Measurements reported as mean ± standard 
deviation. 
 Pooled Male and Female Male Female 
Bias -3.699 ± 3.479 -4.528 ± 3.237 -2.009 ± 3.331 
Inaccuracy 4.150 ± 2.919 4.658 ± 3.079 3.112 ± 2.283 
IQR 1.805-5.111 2.464-6.004 1.611-4.276 
IQR = Interquartile Range 
 
3.4.5.2 Cadaver Adjustment 
Of the pooled male and female sample, there was still a significant difference (p<0.05) 
between actual height with the cadaver adjustment when compared to the Trotter and Gleser 
stature estimates. A Pearson’s Correlation Coefficient test returned an R value of 0.917 (Figure 
3.4.5-3; Table 3.4.5-2). Combined, after applying the cadaver adjustment to actual stature in 
males and females, the Trotter and Gleser estimates still resulted in an underestimation on 
average and an inaccuracy (mean absolute error) of 2.67cm (Table 3.4.5-3). 
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Figure 3.4.5-3. Graphical representation of relationship between actual stature with the 
2.5cm cadaver adjustment and Trotter and Gleser (1952) stature estimates for 
Queensland male and female individuals in the study. Graph represents line of best fit with 
an R value of 0.917. 
 
Separately, males demonstrated a significant difference (p<0.05) between the cadaver 
adjusted estimate and actual stature, with a Pearson’s Correlation Coefficient returning an R 
value of 0.841 (Table 3.4.5-2). However, females demonstrated no significant difference 
(p>0.1) with a mean difference of only 0.49cm, and a Pearson’s Correlation Coefficient 
returning an R value of 0.901. Both males and females showed an underestimation on average 
and inaccuracies of 2.83cm and 2.33cm, respectively (Table 3.4.5-3).  
 
3.4.5.3 Age Adjustment – Trotter and Gleser (1952) 
A significant difference (p<0.05) was observed between estimated stature with the age 
adjustment recommended by Trotter and Gleser (1952) and ‘actual’ stature for pooled male and 
Trotter and Gleser Height Estimate (cm)
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female samples. A Pearson’s Correlation Coefficient test returned an R value of 0.923 (Figure 
3.4.5-4; Table 3.4.5-2). Combined, Trotter and Gleser (1952) age adjusted stature estimates in 
the pooled sample resulted in an underestimation on average and an inaccuracy (mean absolute 
error) of 5.21cm when compared to actual stature (Table 3.4.5-3). 
 
Figure 3.4.5-4. Graphical representation of relationship between actual stature with the 
Trotter and Gleser age correction equation and Trotter and Gleser stature estimates for 
all individuals in the study. Graph represents line of best fit with an R value of 0.923. 
 
Separately, males demonstrated a significant difference (p<0.05) between the Trotter 
and Gleser (1952) age adjusted estimate and actual stature, with a Pearson’s Correlation 
Coefficient returning an R value of 0.847 (Table 3.4.5-2). Females also demonstrated a 
significant difference (p<0.05) and a Pearson’s Correlation Coefficient returning an R value of 
0.918. Further, males and females showed an underestimation on average and inaccuracies of 
5.88cm and 3.85cm, respectively (Table 3.4.5-3).  
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3.4.5.4 Age Adjustment – Giles (1991) 
A significant difference (p<0.05) was observed between estimated stature with the Giles 
(1991) age adjustments applied and ‘actual’ stature for pooled male and female samples. A 
Pearson’s Correlation Coefficient test returned an R value of 0.922 (Figure 3.4.5-9; Table 
3.4.5-2). Combined, Giles (1991) age adjusted stature estimates in pooled male and female 
samples resulted in an underestimation on average and an inaccuracy (mean absolute error) of 
4.75cm when compared to actual stature (Table 3.4.5-3). 
Figure 3.4.5-5. Graphical representation of relationship between actual stature with the 
Giles age correction and Trotter and Gleser stature estimates for all individuals in the 
study. Graph represents line of best fit with an R value of 0.922. 
 
Separately, males demonstrated a significant difference (p<0.05) between the age 
adjusted estimate and actual stature, with a Pearson’s Correlation Coefficient returning an R 
value of 0.849 (Table 3.4.5-2). Females also demonstrated a significant difference (p<0.05), 
and a Pearson’s Correlation Coefficient returning an R value of 0.918cm. In addition, males 
R=0.922 
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and females showed an underestimation on average and inaccuracies of 5.44cm and 3.33cm, 
respectively (Table 3.4.5-3).  
 
Table 3.4.5-2. Pearson’s Correlation Coefficient (R) values for Queensland males and 
females in the study (n=51 males, n=25 females) when comparing estimated stature with 
cadaver adjusted actual height; and when comparing ‘actual’ stature and estimated 
stature with the Trotter and Gleser (1952) age adjustment and the Giles (1991) age 
adjustment.  
 Pooled Male and Female Male Female 
Cadaver Adjustment 0.917  0.841 0.901 
T&G (1952) Age Adjustment 0.923  0.847 0.918 
Giles (1991) Age Adjustment 0.922 0.849 0.918 
T&G = Trotter and Gleser 
 
Table 3.4.5-3. Bias, inaccuracy and precision (IQR) results for Queensland males and 
females in the study (n=51 males, n=25 females) when comparing estimated stature with 
cadaver adjusted actual height; and when comparing ‘actual’ stature and estimated 
stature with the Trotter and Gleser (1952) age adjustment and the Giles (1991) age 
adjustment. Bias and inaccuracy reported as mean ± standard deviation. 
NB: 
All values reported 
in centimetres (cm). 
 Pooled Male and Female Male Female 
 Bias Inaccuracy IQR Bias Inaccuracy IQR Bias Inaccuracy IQR 
Cadaver 
Adjustment 
-1.199 ± 
3.479 
2.666 ± 
2.521 
0.802-
3.601 
-2.028 ± 
3.271 
2.834 ± 
2.590) 
0.981-
3.987 
0.491 ± 
3.362 
2.326 ± 
2.438 
0.787-
2.958 
T&G (1952) 
Age 
Adjustment 
-4.977 ± 
3.382 
5.212 ± 
3.003 
3.285-
6.642 
-5.851 ± 
3.211 
5.880 ± 
3.157 
3.763-
7.094 
-3.195 ± 
3.022 
3.848 ± 
2.052 
2.444-
5.056 
Giles (1991) 
Age 
Adjustment 
-4.431 ± 
3.415 
4.749 ± 
2.951 
2.987-
6.316 
-5.381 ± 
3.194 
5.443 ± 
3.084 
3.169-
6.831 
-2.493 ± 
3.063 
3.332 ± 
2.022 
1.790-
4.008 
IQR = Interquartile Range, T&G = Trotter and Gleser 
 
3.4.5.5 Combined Age Adjustments and the Cadaver Adjustment 
A significant difference (p<0.05) was observed between estimated stature with the 
Trotter and Gleser (1952) age adjustment applied and ‘actual’ stature with the cadaver 
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adjustment applied for pooled male and female samples. A significant difference (p<0.05) was 
also observed between estimated stature with Giles (1991) age adjustment applied and ‘actual’ 
stature with the cadaver adjustment applied for pooled male and female samples. Pearson’s 
Correlation Coefficient tests returned an R value of 0.923 and 0.922, respectively. Combined, 
the Trotter and Gleser (1952) age adjusted stature estimates resulted in an underestimation on 
average and an inaccuracy (mean absolute error) of 3.25cm when compared to actual stature 
with the cadaver adjustment applied. The Giles (1991) age adjusted stature estimates also 
resulted in an underestimation on average and an inaccuracy value of 2.95cm when compared 
to actual stature with the cadaver adjustment applied. 
 
3.4.6 Sexual Dimorphism 
An independent sample T-test showed that there were significant differences (p<0.05) 
between males and females for bicondylar (femoral) length and actual stature. Queensland 
males demonstrated larger measurements on both the right and left femora, with the average 
femoral length being 4.13cm longer in males when compared to females (Table 3.4.6-1).  
 
Table 3.4.6-1. Differences between maximum femoral length for Queensland males 
and females in our sample population (n= 51 males, n= 25 females). Measurements 
reported as mean ± standard deviation. 
NB: 
Measurements in centimetres (cm). 
 
3.4.7 Femoral Bilateral Asymmetry 
No significant (p>0.1) bilateral asymmetry was observed in maximum femoral length 
measurements for pooled male and female samples, or the female sample. However, significant 
(p<0.05) bilateral asymmetry was shown in male samples. Directional asymmetry equations 
showed a left side bias, meaning the left bone was longer than the right, in Queensland males 
and pooled data, with a right side bias in females, meaning the right bone was longer than the 
left. Absolute asymmetry equations (magnitude of asymmetry between the left and right 
 Right Femur Left Femur Mean Femur 
  Mean Range Mean Range Mean Range 
Queensland Males 47.12 ± 2.26 42.70 - 52.30 47.23 ± 2.33 42.30 - 53.10 47.18 ± 2.29 42.50 - 52.70 
Queensland Females 43.16 ± 1.81 37.20 - 46.70 43.10 ± 1.87 37.20 - 46.70 43.13 ± 1.83 37.20 - 46.70 
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femora) resulted in an asymmetry of 6.59mm in males, 6.24mm in females and 6.48mm overall 
(Table 3.4.7-1). Percentage bias for maximum femoral length graphically shows that males, 
females and all pooled data indicate asymmetry with a left side bias overall, confirming that the 
left bone was longer than the right (Figure 3.4.7-1). However, as females showed a positive 
value in directional asymmetry, this indicates an insignificant right-side bias. 
 
Table 3.4.7-1. Asymmetry of maximum femoral length for Queensland males and 
females in the sample pool (n= 51 males, n= 25 females). Measurements reported as 
mean ± standard deviation. 
NB: 
Measurements in millimetres (mm). 
 
Queensland Males Queensland Females Pooled Data 
Directional Asymmetry* -2.79 ± 4.73 1.89 ± 8.30 -1.33 ± 8.10 
Absolute Asymmetry 6.59 ± 4.73 6.24 ± 5.62 6.48 ± 4.98 
*Negative values indicate left bias, while positive values indicate a right bias.  
 
Figure 3.4.7-1. Graphical representation of the percent bias for Queensland females, 
males and pooled data for maximum femoral length, independent of age. Asymmetry is 
presented as a count variable with values <50 indicating a left-bias; the closer the value to 0 (or 
100), the greater the bias.  
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3.5 DISCUSSION 
 
3.5.1 Measuring Cadaver Stature 
As all samples in this stature research were obtained through Queensland Health 
Forensic and Scientific Services (QHFSS) - Forensic Pathology Mortuary, our sample 
represents a cross-section of the population. As previously discussed, a standard operating 
procedure for cadaver stature measurement was created and implemented at the Mortuary by 
laboratory technicians trained in this protocol. Upon data collection two stature measurements 
were received: a left stature measurement and a right stature measurement. It was anticipated 
that asymmetry may be present due to literature reports, however, no significant differences 
were observed between these measurements for each individual in our study. According to 
Siffert and Losty (1955), the causes of unequal leg length may be due to congenital 
abnormalities, osteomyelitis, atrophic changes, increased vascularity, fractures, malunion or 
poliomyelitis. Further, any slight differences may have resulted from the position of the bodies 
after death, where rigor mortis can significantly limit the mobility of the cadaver to position the 
individual correctly for stature measurement. It should be noted that in the case of severe rigor 
mortis in our study, where the lower limbs of the individual were unable to be adequately 
mobilised into an appropriate position, the subject was excluded from the study.  
 
3.5.2 Virtual Protocol for Measuring Bicondylar (Femoral) Length 
This study demonstrated the advantages of visualisation technology and the ability of 
sophisticated 3D software for use in anthropological research and post-mortem procedures, 
providing a non-invasive measurement procedure for the construction of a large modern 
population database. One of the primary purposes of this research was to establish a 
standardised protocol to conduct various femoral measurements on surface rendered models 
from CT scans, using reverse engineering platforms. Manual segmentation has been used in a 
number of anthropological studies to sufficiently replicate the bone morphology (Abdel Fatah 
et al., 2012; Mahfouz et al., 2007a; Mahfouz et al., 2007b; Mahfouz et al., 2012). Traditional 
femoral measurements were reconfigured for virtual CT assessment and replicated by 3 
different observers with varied technical experience to demonstrate the reliability of the 
Geomagic Design X
®
 protocol. Precision testing showed little intra-observer and inter-observer 
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error with coefficients of reliability and rTEM values above R=0.95 and below 5% rTEM, 
satisfying current anthropological standards (Franklin et al., 2013). Therefore this study 
introduced a reliable protocol utilising high-quality 3D models for metric analysis of the femur, 
which can also be applied to other bones of the post-cranial skeleton. With slight modification 
of the original protocol, morphometric measurements of other skeletal bones such as the radius, 
clavicle and scapula have been measured through the use of extreme positioning planes, with 
application of this protocol being utilised in a recent Queensland police investigation, further 
indicating the relevance and value of virtual anthropological capabilities. An advantage of the 
CT protocol was that the partially decayed human remains did not require defleshing in order to 
conduct anthropological measurements, which fast-tracked the generation of the biological 
profile.  
 
3.5.3 Trotter and Gleser Stature Estimation on a Queensland Population 
The results of this research indicate that estimates derived from the Trotter and Gleser 
(1952) stature regression equations were strongly correlated to actual stature in a Queensland 
sample. However, Trotter and Gleser estimates underestimate stature on average, which is 
consistent with literature reports of underestimation when applied to other populations 
including Balkans, Americans, South East Asians, Israelis and Japanese (Ross and Konigsberg, 
2002; Wilson et al., 2010; Gocha et al., 2013; Kahana et al., 1996; Hasegawa et al., 2009).  
 
As limited population studies have reported bias and inaccuracy in stature research, 
direct comparison to other populations cannot be conducted. An overall bias value for males 
showed a directionality of -4.53cm in this sample population, with an absolute inaccuracy of 
4.66cm, however, a Masters research thesis by Shields in 2007 showed a bias value of 0.14cm 
and an inaccuracy value of 1.88cm on a male Hispanic sample when comparing the Trotter and 
Gleser white femur equations to known stature. This demonstrates a higher tendency to 
underestimate stature in our Queensland population compared to Hispanic individuals with a 
significantly larger magnitude of error.  
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Percentage correct estimation showed that 75% of individuals fell within the Trotter and 
Gleser (1952) estimated range, suggesting that the Trotter and Gleser equations perform 
reasonably well on a Queensland population, however, the average male inaccuracy value fell 
outside the standard error of the male stature equation. Further, the interquartile range of the 
pooled inaccuracy value was 1.81 - 5.11cm, suggesting the Trotter and Gleser (1952) stature 
estimation equations are not precise, showing considerable variance and therefore present 
significant inaccuracies to a contemporary Queensland population. This is supported by a study 
by Wilson et al. (2010), stating that the Trotter and Gleser (1952) equations are inappropriate 
for an American population as the estimates are not conservative enough.  
 
Males showed a larger difference than females between estimated and actual stature, 
however this may be influenced by our small female sample size. In this study, the average 
height of females was approximately 12.5cm shorter than males, however, in another 
Australian study conducted on a Western Australian (WA) population (Ishak et al., 2012), 
females were 14.8cm shorter on average. The study utilised a larger sample size of 201 
individuals (n=91 males, 110 females) of various ethnic backgrounds, therefore possibly 
contributing to the small sub-population difference, in addition, the study was also conducted 
on standing individuals while this study was conducted on cadavers. A 2cm difference has been 
reported between standing and cadaver height which may explain the 2cm difference between 
studies.  
 
In a Croatian study by Petrovecki et al. (2007), femoral length in males demonstrated 
higher correlation coefficients than females, suggesting that femoral length had a stronger 
correlation with stature in males. However, our study does not support the Croatian study, 
finding that males demonstrated a correlation of 0.841 and females an R value of 0.901, 
suggesting that female femoral length has a stronger correlation to stature. According to 
Gustaffson and Lindenfors (2009), sexual dimorphism in size is due to genetic and 
environmental factors, with the authors stating that varying degrees of polygyny may have been 
experienced within different populations during evolutionary history. In addition, it is likely 
that men and women have been affected differently by changes in the environment, as male 
stature appears to be more sensitive to changes in the standard of living when compared to 
females (Gustaffson et al., 2007).    
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The results of this research may suggest the presence of secular trends, where the 
average height of the human body within the population may have increased over time, 
representing a positive secular trend (Iscan and Steyn, 2013). The consistent underestimation of 
height when utilising the Trotter and Gleser (1952) stature estimation equations suggests that a 
contemporary population is taller than a 1950s population. However, it needs to be noted that 
this is the first study on Australian individuals using the Trotter and Gleser (1952) estimates, 
therefore there is no available data to compare the estimates on Australian individuals in the 
1950s. Consequently, it cannot be concluded that the underestimation is directly due to secular 
trends or geographical location. According to Steckel (1995), height directly reflects health 
status and as health is positively correlated to socioeconomic status or wealth, the amount of 
basic necessities and resources accessible within the family income determines the demands 
placed on an individual’s biological system. Gustaffson and Lindenfors (2009) also state that 
the average stature within a population is influenced by nutritional changes and living 
conditions, with climate also influencing body size as individuals tend to be taller the closer 
they are located to the equator. Overall, the higher standards of living compared to that in the 
1950s due to the national income within the Australian population and human welfare in 
general may reflect the increase in stature, therefore further indicating why the Trotter and 
Gleser (1952) equations underestimate, considering the equations were developed on skeletons 
born in the late 19
th
 century and early 20
th
 century. 
 
 The average age in the study sample was approximately 51 years, therefore stature loss 
is likely to have affected the overall height of many individuals. Originally, Trotter and Gleser 
(1952) stated that stature loss occurred after 30 years of age, however, more recent studies by 
Galloway (1988) and Giles (1991) conclude that stature loss occurs after 40 years, with Giles 
(1991) stating that age-related stature loss should be accounted for in stature estimates where 
the individual is over 45 years. Unfortunately, contemporary longitudinal studies of height 
change with age in an adult Caucasian population are lacking. In this study, even after age 
adjustments were applied, significant differences were still found between stature estimates and 
actual stature. Further, an inaccuracy value of 5.21cm for the Trotter and Gleser (1952) and 
4.75cm for the Giles (1991) age adjustment indicates that the estimates are not more accurate 
than the estimate without age adjustment (inaccuracy of 4.15cm). 
 
 56 
As actual height was measured on cadavers in a supine position in this study, the height 
measurements may not represent erect stature due to the hypothesis that individuals are taller 
when in a supine position as the intervertebral disks are compressed when standing (Trotter and 
Gleser, 1952). Further, the gaps between joints throughout the body widen when an individual 
is lying down (Hauser et al., 2005) and curves of the vertebral column are flattened when lying 
(Terry, 1940). Therefore these aforementioned effects may cause overestimation of living erect 
stature and could contribute to an underestimation when compared to the Trotter and Gleser 
(1952) equations. As a result, 2.5cm was subtracted from all ‘actual’ stature estimates to 
represent living/standing height as recommended by Trotter and Gleser (1952). However, even 
after applying this cadaver adjustment, there was still a significant difference between the 
Trotter and Gleser (1952) estimate and the cadaver-adjusted living stature. Despite this, the 
cadaver adjustment did improve the estimates with an inaccuracy value of only 2.67cm, which 
was the lowest inaccuracy obtained in this study. A number of studies have cautioned the 
overestimation of living height in cadavers. No other studies have reported error with and 
without a cadaver adjustment; therefore this study provides a comprehensive examination of 
the application and subsequent error in the T&G methodology taking into account both age and 
cadaver adjustments.  
 
Based on the results of this study, the Trotter and Gleser (1952) stature estimation 
equations are not recommended for use on a Queensland population. It is also suggested that no 
age-related adjustments be implemented considering they did not decrease error from the 
Trotter and Gleser (1952) equations, however, a cadaver adjustment should be used in further 
research of this nature to account for differences between living and cadaveric stature.  
 
3.5.4 Sexual Dimorphism and Bilateral Asymmetry of Femoral Length 
Significant differences were found between femoral length in males and females, with 
males having a mean femoral length 4.05cm longer than females in our sample. The mean 
length of male femora was 47.18cm and the mean male was 175.17cm tall, while the mean 
length of female femora was 43.13cm with a mean height of 162.64cm. As the femur 
constitutes 26.93% of height in males and 26.52% of height in females in this study, it is 
evident that males and females may have slightly different body proportions, for example a 
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femur of the same length may result in a different stature in a male compared to a female; 
therefore, these results justify the use of specific sex specific regression equations for stature 
estimation where possible. Further, forensic anthropologists are able to determine sex of an 
individual through morphometric measurements of the femur and as a result, sex is often 
known before stature equations are applied. Sexual dimorphism in the femur is a consequence 
of genetic differences, which cause dissimilarity in body size and proportions between the 
sexes (Srivastava et al., 2012). According to a study by Rissech et al. (2008), sexual 
dimorphism of maximum femoral length is evident after 15 years of age due to the female 
cessation of growth and the continuation of growth in the male, which coincides with the earlier 
onset of puberty and skeletal maturation in females. Further, males are more prone to increased 
lengths in the lower limb than females due to a higher sensitivity to changes in the environment 
(Jantz and Jantz, 1999). As stated by Iscan and Shihai (1995), sexual dimorphism in the femur 
may be a result of differential labour, with the maximum amount of dimorphism present in 
weight bearing joints. This disparity may be influenced by the mechanostat theory, which states 
that where bone strains rise above a physiological threshold, an adaptive biological response is 
activated and the bone will adapt to increase its strength to withstand these higher strains 
(Grimston, 1993).  
 
When the Trotter and Gleser (1952) equations were applied to the length of the right 
and left femora separately, no significant differences were found, therefore there is no 
preference for the equation to be applied to a specific side. As recommended by Trotter and 
Gleser (1952) when both femora are found upon collection, the average length of both femora 
combined is utilised in the equation, therefore the same approach was recommended for this 
study. Results showed that significant bilateral asymmetry was only found in males, however, 
directional asymmetry equations show that when combined, males and females have a left side 
bias, meaning that in general, the left femora is longer than the right. Females demonstrated 
insignificant results, likely due to the small sample size. Despite significant asymmetry being 
present between right and left samples in males, this difference had minimal impact on stature 
estimation. 
 
Directional asymmetry refers to significant deviations from bilateral symmetric femora 
at a population-level, due to lateralized behaviours (Abdel Fatah et al., 2012). Asymmetry can 
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be related to mechanical and genetic factors (Auerbach and Raxter, 2008), with a right side bias 
common in the upper limb due to right-handedness, however, a slight left side bias has 
previously been identified in the lower limb (Auerbach and Ruff, 2006). The mechanical 
stresses and strains applied to the bone during growth results in bilateral variations, with 
mechanical loading affecting weight-bearing elements (Kanchan et al., 2008; Ruff, 2000). 
Although dominance is particularly found in one side of the upper limbs, the lower limb 
demonstrates a longer length on the contralateral side to the dominant upper limb, probably due 
to the activation of contralateral postural muscles contracting and influencing skeletal growth 
(Kanchan et al., 2008). This is known as a cross-symmetry pattern and is caused by the growth 
response to loading, resulting in vigorous bone growth and an increase in bone density. Males 
did demonstrate significant left side bias, but handedness could not be measured in the study 
sample, therefore results cannot be correlated with upper limb dominance. Though locomotion 
and biomechanical stresses remain the primary reason for asymmetry in the limbs, other factors 
such as genetics and hormones, developmental differences and environmental influences such 
as differences in nutrition and climate may also provide an explanation (Abdel Fatah et al., 
2012).        
 
3.6 CONCLUSIONS 
3.5.1 A standardised protocol for measuring cadaver stature was constructed and successfully 
implemented at Brisbane Mortuary by Mortuary technicians.  
3.5.2 A reliable virtual protocol to measure bicondylar (femoral) length from CT datasets was 
developed utilising reverse engineering software, with precision testing (intra and inter 
observer error) indicating that the level of error displayed is in accordance with the 
accepted range of R > 0.95 and rTEM < 5%.  
3.5.3 A significant difference was determined between stature estimates utilising the Trotter 
and Gleser (1952) and ‘actual’ stature on pooled and separated male and female 
samples, showing that the Trotter and Gleser (1952) stature regression equations 
underestimated actual standing height in 90% of Queensland samples. 
3.5.4 Applying the Trotter and Gleser (1952) stature regression equations resulted in an 
underestimation on average and a mean absolute error of 4.15cm when compared to 
actual stature in pooled male and female Queensland samples. Separately, males 
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demonstrated greater errors in stature estimation with an inaccuracy of 4.66cm, while 
females demonstrated an inaccuracy of 3.11cm.  
3.5.5 Upon applying age adjustments, the stature estimations continued to underestimate, 
with the Trotter and Gleser (1952) age adjusted stature estimates showing an inaccuracy 
value of 5.21cm and the Giles (1991) age adjusted estimates resulting in an inaccuracy 
value of 4.75cm, indicating that accuracy of the estimate is not improved with age 
adjustments. 
3.5.6 Applying a 2.5cm cadaver adjustment again showed an underestimation of height, 
however resulted in an inaccuracy value of 2.67cm, which did improve the stature 
estimates. 
3.5.7 Significant differences (p<0.05) were observed between males and females for 
bicondylar femoral length. Femoral length was on average 4.13cm longer in males 
when compared to females. 
3.5.8 Percentage bias in femoral bicondylar length showed that males demonstrate asymmetry 
with a left side bias overall, confirming that the left femur is longer than the right in 
most individuals. 
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CHAPTER 4 
INVESTIGATING THE CORRELATION BETWEEN FEMORAL 
MORPHOLOGY AND STATURE FOR THE INTRODUCTION OF NEW 
STATURE ESTIMATION EQUATIONS 
 
4.1 INTRODUCTION 
The bones of an individual are a product of biological characteristics: indicators as to 
how the individual experienced life and their position in society, their place of geographic 
origin, as well as identifying adaptations to certain activities or injuries an individual may have 
experienced during life (Moore and Ross, 2013). Skeletal measurements may be influenced by 
genetics, age, sex, lifestyle and nutrition (Buikstra and Ubelaker, 1994), these dimensions can 
and are frequently used by anthropologists to determine sex and stature.  
 
Occasionally when a skeleton is recovered, the femur is presented in different states of 
fragmentation and therefore measurement of the maximum length of the femur may not be 
achievable. Commonly, equations are derived to estimate the maximum length of the femur 
from femoral segments that can then be used in stature estimation equations; this method is 
referred to as the indirect method. On the other hand, the direct method involves a stature 
estimation based on one or a combination of fragmentary femoral measurements. Bidmos 
(2009) found that the direct method is more reliable for estimating overall stature when 
compared to the indirect method, as the fragments (epicondylar breadth, vertical neck diameter, 
medial condyle length, lateral condyle length) showed a strong positive correlation and no 
statistical difference between actual and estimated statures. In addition, the indirect method 
displayed a higher range of standard errors of estimate further supporting the contention that 
the direct method is more reliable. However, availability and validation of stature regression 
equations incorporating a number of morphometric femoral measurements is currently limited 
warranting further investigation. 
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Although regression equations have been constructed to calculate stature from femoral 
fragmentary measurements, no studies have investigated the potential of combining femoral 
maximum length with additional femoral measurements to construct a more robust method for 
stature estimation. Furthermore there have been no studies to date reporting the relationship 
between morphometric fragmentary femoral measurements and stature in an Australian 
subpopulation. 
 
4.2 SPECIFIC AIMS AND HYPOTHESES  
The second aim of this research is to investigate the correlation between actual stature 
and morphometric femoral fragmentary measurements as measured in computed tomography 
(CT) three dimensional (3D) models. More specifically:  
(i)  To develop a reliable virtual protocol to measure epicondylar breadth, diaphyseal 
anteroposterior (midsagittal) and mediolateral (coronal) diameters, diaphyseal 
circumference and cortical area from CT datasets; 
(ii)  To determine the relationship between femoral measurements and stature for the 
construction of alternate forensic methodologies for estimating stature; 
(iii)  To investigate the presence of sexual dimorphism and bilateral asymmetry of the 
femoral measurements in an adult Queensland Caucasian population; 
(iv)  To investigate age-dependent changes in cortical dimensions of the femur in a 
Queensland Caucasian population. 
 
4.2.1 Specific Objectives 
(i)  Virtual protocols for each femoral measurement will be developed in Geomagic 
Design X
®
 and the reliability of measuring the epicondylar breadth in 3D 
reconstructed CT models will be determined through intra- and inter-observer testing.  
(ii)  Pearson’s correlation tests will be conducted between each femoral measurement and 
the actual measured height of the individual as well as the maximum femoral length to 
identify variables that positively correlate with stature and/or femoral length. 
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(iii)  Using Bayesian statistics, new regression formulae will be introduced using the 
femoral measurements with the highest positive correlations with stature.  
(iv)  Morphometric skeletal variation will be assessed with reference to sexual 
dimorphism and bilateral asymmetry. 
 
4.2.2 Specific Hypotheses 
Hypothesis 1.  A standardised protocol to measure femoral morphometric fragmentary 
measurements with high reliability can be achieved using CT virtual models. 
Hypothesis 2.  Femoral measurements, in particular epicondylar breadth, will be highly 
correlated to stature and new, robust equations will be created for an adult 
Queensland Caucasian population utilising various femoral measurements. 
Hypothesis 3. Male individuals will display significantly larger femoral measurements than 
females in an adult Queensland Caucasian population. It is hypothesised that 
there will be no significant bilateral asymmetry in the fragmentary femoral 
measurements. 
 
4.3 MATERIALS AND METHODS 
 
4.3.1 Sample Demographics and Data Acquisition 
Refer to Chapter 3, sections 3.3.1 and 3.3.2, pages 26-28. 
 
4.3.2 Data Processing 
4.3.2.1 Geomagic Design X
®
  
For all femoral measurements mentioned above (aim i), the virtual model previously 
created in Geomagic Design X
®
 (Chapter 3, Section 3.3.3.2) was built upon. Epicondylar 
breadth was measured by constructing two extreme position planes at 90̊ to the distal plane, 
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each corresponding to the most lateral part of the medial and lateral epicondyles of the distal 
femur as distinguished on the silhouette curve aligned to the posterior base plane. An 
automated plane-to-plane measurement was taken between the extreme position planes, 
corresponding to the epicondylar breadth (Figure 4.3.2-1).  
 
Figure 4.3.2-1: Posterior view of the distal end of the femoral virtual model 
demonstrating the epicondylar breadth measurement in Geomagic Design X
®
. The two 
extreme position planes (green vertical lines) correspond to the most medial and lateral points 
of the distal femur (the epicondyles) as determined on the silhouette curve (blue outline). 
Epicondylar breadth is measured by calculating the distance between the two extreme position 
planes (yellow horizontal line). 
 
When bicondylar (femoral) length was measured, a plane was created parallel to the 
proximal ‘offset plane’, which bisected the bicondylar femoral length and is referred to as the 
midline offset plane. All midshaft measurements need to be taken on a section perpendicular to 
the longitudinal axis of the shaft of the bone. This requires manipulation of the midline offset 
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plane as it is not a true representation of a perpendicular section (see Figure 4.3.2-2). This is 
because the femoral shaft is oriented obliquely in the human body and the medial femoral 
condyle is larger than the lateral femoral condyle, resulting in an asymmetry of the distal 
condyles of the femur, ultimately affecting the position of the distal base plane and 
subsequently the midline offset plane.  
 
Therefore to construct the ‘true’ midline plane, a vector line was calculated using a 
cylinder fit method by positioning a straight line longitudinally through the centre of the 
medullary cavity of the femur. Secondly, a centre point was created by selecting the vector and 
the original midline offset plane. Then the ‘true’ midline plane was created by selecting the 
centre point and the vector (Figure 4.3.2-2). 
 
Figure 4.3.2-2: Lateral view of the middle segment of the femoral shaft in Geomagic 
Design X
®
 demonstrating construction of midline planes. The midline offset plane (O) 
parallel to the distal plane can be seen at an oblique angle to the longitudinal axis of the bone 
shaft; this plane was adjusted to make a new midline plane (T) ninety (90º) degrees to the 
femoral shaft (‘true’ midline plane). The true midline plane was used for all midshaft cortical 
measurements in this study. 
 
O T 
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The bone was then rotated so the investigator was viewing down the shaft from a 
superior view. The Section tool from within the 3D Sketch entities was used to project the bone 
surfaces onto the midline plane, followed by a rotation to position the linea aspera (posterior 
ridge of the femoral shaft) towards the bottom of the virtual model. Horizontal and vertical 
reference planes were drawn for directionality purposes so extreme position planes could be 
placed on the medial, lateral, anterior and posterior surfaces of the bone. The anteroposterior 
(AP) diameter was measured by using the measure distance tool extended between the anterior 
and posterior planes, followed by the mediolateral (ML) diameter between the medial and 
lateral planes (Figure 4.3.2-3).  
 
Figure 4.3.2-3: Superior view of midline section of femoral shaft demonstrating 
calculation of AP and ML diameters, circumference and cortical area in Geomagic Design 
X
®
. Note that the virtual model was rotated such that the linea aspera (located where letter P is 
positioned) points towards the bottom of the virtual model and is indicative of the posterior 
aspect of the bone. Extreme position planes can be seen on the anterior (A), posterior (P), 
medial (M) and lateral (L) surfaces of the femoral shaft (green lines). Note that the 
anteroposterior diameter (AP) corresponds to the vertical measurement between the anterior 
and posterior planes, while the mediolateral diameter (ML) corresponds to the horizontal 
measurement between the medial and lateral planes. The femoral shaft circumference is the 
length of the outer blue line (the periosteal surface of the bone) and the gray shading represents 
the cortical area.  
A 
P 
M L 
AP 
ML 
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 Femoral circumference was measured from an automatic calculation of the length when 
the outer (periosteal) bone surface is selected. The measurement was retrieved from the 
properties box. Finally, cortical area of the femoral midshaft was measured by using the fill 
face tool to fill the entire surface within the outer bone curve and using the trim tool to remove 
the area inside the medullary cavity. The area measurement was also automatically generated 
and could be retrieved from the properties box (Figure 4.3.2-4).   
 
Figure 4.2.3-4: An example display of the properties box in the right panel of Geomagic 
Design X
®
. Upon selecting certain entities such as the 3D Mesh curves and Faces, the specific 
properties could be observed. The linear and areal measurements are automatically generated 
and could be recorded straight from the properties panel.  
 
4.3.3 Observer Error 
To assess intra-observer error, the epicondylar breadth of ten different randomly 
selected femora were measured over three evaluation days. Inter-observer error was assessed 
on the same ten femoral samples by three independent observers with each observer completing 
one set of 10 during one evaluation day. A minimum of one day separated evaluation days for 
each observer. To quantify the error, technical error of measurement (TEM), relative TEM 
(rTEM) and coefficient of reliability (R) were calculated. In accordance with Franklin et al. 
(2013), acceptable levels of error were R > 0.95 and rTEM < 5%.  
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4.3.4 Statistical Analysis  
Statistical analyses were performed in SPSS
®
 v19 (SPSS Inc, Chicago, USA) with 
statistical significance regarded as marginal at p<0.1 and significant at p<0.05, and statistical 
software program R (R Development Core Team, Auckland, NZ). A Kolmogorov-Smirnov test 
was utilised to demonstrate normality in both males and females for all femoral measurements 
to determine the application of parametric or nonparametric techniques. Descriptive statistics 
were conducted separately for males and females. Age-related changes were investigated using 
Independent T-tests between age brackets 15-24, 25-34, 35-44, 45-54, 55-64 and 65-76 years 
for all measurements. To enable construction of contemporary Queensland stature estimation 
equations, a statistical expert in Bayesian analyses was consulted and a Bayesian linear 
regression was undertaken. A Bayesian approach was employed as it allows the researcher to 
select the most accurate model from a set of variables (the femoral measurements). For the 
analysis, a Jeffreys prior was used, which is a non-informative prior distribution (or a vague 
prior), and will not favour any variable.  
 
4.4 RESULTS 
  
4.4.1 Repeatability of the Geomagic
®
 Femoral Epicondylar Breadth Protocol 
Intra-observer error was low for the application of the Geomagic Design X
®
 
epicondylar breadth protocol with a TEM value of 0.27mm, relative TEM (rTEM) of 0.32% 
and coefficient of reliability (R) of 0.997. The application of the protocol by two anatomy 
academics with minimal Geomagic Design X
®
 experience and a postgraduate student 
experienced in the software demonstrated that the method is repeatable with a TEM value of 
0.11mm, rTEM of 0.123% and R value of 0.999. The level of error displayed is in accordance 
with the accepted range of R > 0.95 and rTEM < 5% (Franklin et al., 2013) (Table 4.4.1-1). 
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Table 4.4.1-1 – Inter-Observer technical error of measurement (TEM) and relative TEM 
(rTEM) from measurements of epicondylar breadth (mm) performed by three observers. 
 
4.4.2 Descriptive Statistics  
As demonstrated in Table 4.4.2-1 below, small differences were evident between right 
and left midshaft measurements, particularly for males. There are also differences shown 
between males and females, with all measurements being larger in males. 
 
Table 4.4.2-1. Descriptive statistics for femoral epicondylar breadth and mid-shaft 
measurements in Queensland males and females in the study population (n=51 males, 
n=25 females). Measurements reported as mean ± standard deviation. 
NB: 
Measurements in 
millimetres (mm). 
 
4.4.3 Age Related Changes (Table 4.4.3-1; Figure 4.4.3-1 to Figure 4.4.3-5) 
In males, a significant increase was observed in epicondylar breadth, AP diameter, 
circumference and cortical area between the 15-24 and 25-34 year cohorts (p<0.05), with a 
      Epicondylar breadth (mm) as determined by 3 Observers    
Subject 1 2 3 TEM (mm) rTEM (%) 
1 95.6385 95.6827 95.4806 0.02 0.09 
2 84.9452 85.0165 85.0443 0.01 0.04 
3 87.72 88.3679 88.2219 0.23 0.28 
4 74.8713 74.9365 75.0547 0.02 0.08 
5 87.304 87.2421 87.0668 0.03 0.10 
6 82.4305 82.4649 82.467 0.00 0.02 
7 76.7227 76.7575 76.5673 0.02 0.08 
8 85.3525 85.3388 85.3089 0.00 0.02 
9 86.3185 86.3641 86.3555 0.00 0.02 
10 91.4982 91.4492 91.422 0.00 0.03 
 
DESCRIPTIVE STATISTICS 
 Queensland Males Queensland Females 
 Right Left Right Left 
Epicondylar Breadth 87.19 ± 3.54 86.90 ± 3.64 75.58 ± 3.20 75.62 ± 3.15 
Anteroposterior Diameter 32.04 ± 2.65 31.84 ± 2.76 28.35 ± 2.02 28.29 ± 1.96 
Mediolateral Diameter 28.79 ± 2.22 29.05 ± 2.30 25.83 ± 2.37 25.40 ± 2.12 
Circumference 95.06 ± 7.03 94.77 ± 6.42 84.04 ± 5.55 83.21 ± 5.16 
Cortical Area* 526.12 ± 76.15 528.48 ± 70.90 396.86 ± 52.52 390.62 ± 44.93 
*Cortical area: mm
2 
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significant increase in right and left ML diameter between the 15-24 and 34-45 year cohorts 
(p<0.05). In females, a significant increase was observed in all parameters apart from left 
epicondylar breadth between the 15-24 year and 35-44 year age cohorts (p<0.05). 
 
Table 4.4.3-1. Descriptive statistics for age related changes in femoral measurements in 
Queensland males (A) and females (B) in the study population. Measurements reported as 
mean ± standard deviation. 
NB: 
Measurements in millimetres (mm).  
A: QUEENSLAND MALES 
Age Cohort (years) 15-24 25-34 35-44 45-54 55-64 65-76 
n
 
5 2 9 8 20 7 
Epicondylar Breadth (R) 83.09 ± 1.93
abdf 
89.81 ± 1.53 88.39 ± 4.11 87.85 ± 2.88 87.43 ± 3.36 86.37 ± 3.71 
Epicondylar Breadth (L) 82.98 ± 1.56
abdf
 88.59 ± 1.33 88.05 ± 4.21 87.61 ± 2.96 87.15 ± 3.42 86.19 ± 4.49 
AP Diameter (R) 29.38 ± 1.03
acdf
 34.91 ± 2.12
e
 32.27 ± 2.93 32.35 ± 1.47 32.40 ± 2.68 31.42 ± 3.24 
AP Diameter (L) 29.59 ± 1.44
acdf
 33.92 ± 2.78 32.59 ± 3.09 32.31 ± 2.23 31.90 ± 2.69 31.16 ± 3.45 
ML Diameter (R)
 
25.15 ± 2.02
bdfh
 27.59 ± 0.79 28.70 ± 2.48 28.81 ± 1.21 29.76 ± 1.73 29.04 ± 2.07 
ML Diameter (L) 25.12 ± 2.02
bdfh 
27.33 ± 0.77
eg
 29.22 ± 2.03 29.06 ± 1.48 30.01 ± 1.95 29.38 ± 2.19 
Circumference (R) 85.40 ± 4.06
abdfh
 97.59 ± 1.56 94.63 ± 7.35
 
95.54 ± 3.04 97.34 ± 7.57 94.74 ± 6.14 
Circumference (L) 85.23 ± 3.41
abdfh 
95.75 ± 3.03
 
95.73 ± 6.81
 
95.26 ± 3.76
 
96.59 ± 6.53 94.28 ± 5.66 
Cortical Area (R)* 439.73 ± 60.41
abdfh
 566.65 ± 6.41 533.96 ± 80.86 513.61 ± 49.55 541.12 ± 81.23 537.60 ± 73.70 
Cortical Area (L)* 441.03 ± 50.29
abdfh
 566.84 ± 8.1 548.55 ± 71.62 516.73 ± 37.27 539.38 ± 78.12 536.47 ± 65.46 
B: QUEENSLAND FEMALES 
Age Cohort (years) 15-24 25-34 35-44 45-54 55-64 65-76 
n
 
1 2 10 2 6 4 
Epicondylar Breadth (R) 70.05bef 76.28 ± 1.66 75.20 ± 1.77f 75.87 ± 0.50 78.00 ± 2.74 73.77 ± 5.67 
Epicondylar Breadth (L) 70.97cg 76.33 ± 1.71 74.80 ± 1.65f 76.80 ± 2.47 78.24 ± 3.01 73.94 ± 4.98 
AP Diameter (R) 23.70bg 27.88 ± 3.27 29.28 ± 1.46 28.56 ± 1.01 28.11 ± 1.91 27.68 ± 2.33 
AP Diameter (L) 23.71bdg 27.64 ± 2.76 28.90 ± 1.48 27.74 ± 0.16 28.41 ± 1.98 28.34 ± 2.49 
ML Diameter (R)
 
18.83
bdfh
 24.21 ± 2.37 25.84 ± 1.84
d
 27.47 ± 0.08 26.68 ± 2.22 26.30 ± 1.74 
ML Diameter (L) 20.04bef 23.59 ± 2.27 25.18 ± 1.53d 27.22 ± 0.55 26.19 ± 1.57 26.11 ± 2.63 
Circumference (R) 67.84befh 81.47 ± 8.80 85.64 ± 4.19 87.34 ± 2.39 84.30 ± 5.01 83.36 ± 3.99 
Circumference (L) 68.71bdfi 80.00 ± 7.62 83.87 ± 3.89 84.66 ± 0.17 84.32 ± 4.75 84.41 ± 5.16 
Cortical Area (R)* 265.02bdfh 404.00 ± 36.00 411.51 ± 49.18i 449.27 ± 44.01h 396.47 ± 44.48 363.97 ± 24.95 
Cortical Area (L)* 275.01bgi 387.23 ± 15.87 401.37 ± 41.61 428.53 ± 28.45 390.71 ± 44.85 375.23 ± 33.58 
*Cortical area: mm
2
. Significance levels are indicated by: 
 a
 p≤0.05 compared to 25-34 year cohort; 
b
 p≤0.05 compared to 35-44 year cohort; 
c
 p≤0.1 compared to 35-44 year cohort;
 d 
p≤0.05 
compared to 45-54 year cohort; 
e 
p≤0.1 compared to 45-54 year cohort; 
f 
p≤0.05 compared to 55-64 year cohort;
 g
 p≤0.1 compared to 55-64 year cohort; 
h
 p≤0.05 compared to 65-76 year 
cohort; 
i
 p≤0.1 compared to 65-76 year cohort 
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Figure 4.4.3-1: Graphical representation of mean right and left femoral epicondylar 
breadth for Queensland males and females of different ages in this study. *indicates 
significant differences between age cohorts (p<0.05). 
NB:
Epicondylar breadth in mm; age 
cohorts in years.   
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Figure 4.4.3-2: Graphical representation of mean right and left AP Diameter of femoral 
midshaft for Queensland males and females of different ages in this study. *indicates 
significant differences between age cohorts (p<0.05). 
NB:
Measurements in mm; age cohorts in 
years.   
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Figure 4.4.3-3: Graphical representation of mean right and left ML Diameter of femoral 
midshaft for Queensland males and females of different ages in this study. *indicates 
significant differences between age cohorts (p<0.05). 
NB:
Measurements in mm; age cohorts in 
years.  
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Figure 4.4.3-4: Graphical representation of mean right and left femoral midshaft 
Circumference for Queensland males and females of different ages in this study. 
*indicates significant differences between age cohorts (p<0.05). 
NB:
Measurements in mm; age 
cohorts in years.  
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Figure 4.4.3-5: Graphical representation of right and left femoral midshaft Cortical Area 
for Queensland males and females of different ages in this study. *indicates significant 
differences between age cohorts (p<0.05). 
NB:
Measurements in mm
2
; age cohorts in years.  
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4.4.4 Femoral Measurements and Stature (Direct Method) 
A Pearson’s correlation coefficent showed positive relationships between each femoral 
measurement and actual stature in a pooled male and female sample, with epicondylar breadth 
having the strongest correlation with stature, followed by femoral midshaft cortical area and 
then circumference (Table 4.4.4-1). 
 
Table 4.4.4-1. Pearson’s correlation coefficients between each femoral measurement and 
actual stature. 
Variables 
Correlation Coefficient 
Right Left Averaged 
Epicondylar Breadth 0.811 0.805 0.810 
AP Diameter 0.698 0.665 0.689 
ML Diameter 0.598 0.663 0.642 
Circumference 0.721 0.738 0.735 
Left Cortical Area 0.728 0.756 0.746 
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 Scatter plots demonstrate the correlation between the mean pooled right and left femoral 
measurements and actual stature. Results show that each measurement has a positive linear 
association with stature (Figure 4.4.4-1). Mean bicondylar (maximum) femoral length showed 
the strongest correlation (R = 0.917), as previously discussed in Chapter 3. 
Figure 4.4.4-1. Graphical representation of the correlation between femoral 
measurements (mean of right and left femora) and actual stature, pooled for Queensland 
males and females in our sample population. Lines indicate line of best fit. 
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4.4.5 Femoral Measurements and Femoral Length (Indirect Method) 
A Pearson’s correlation coefficent also showed positive relationships between each 
femoral measurement and mean bicondylar (femoral) length. Epicondylar breadth and ML 
diameter resulted in a stronger correlation to actual stature (R=0.810 and R=0.642, 
respectively; Table 4.4.4-1) compared to femoral length (R=0.759 and R=0.631, respectively). 
AP diameter, circumference and cortical area resulted in stronger correlations to femoral length 
(R=0.701, R=0.756 and R=0.752, respectively) compared to actual stature in the direct method 
(R=0.689, R=0.735 and R=0.746, respectively) (Table 4.4.5-1).  
 
Table 4.4.5-1. Pearson’s correlation coefficients between each femoral measurement and 
maximum femoral length. 
Variables  
Correlation Coefficient 
Right Left Averaged 
Epicondylar Breadth 0.766 0.768 0.759 
AP Diameter 0.700 0.687 0.701 
ML Diameter 0.588 0.652 0.631 
Circumference 0.734 0.767 0.756 
Cortical Area 0.732 0.763 0.752 
 
4.4.6 Sexual Dimorphism 
Queensland males demonstrated significantly larger dimensions in both the right and 
left femora throughout all femoral measurements when compared to Queensland females. An 
independent sample T-test showed that there were significant differences (p<0.05) between 
males and females for right and left epicondylar breadth across all age cohorts. Right and left 
AP diameter also displayed significant differences across all ages (p<0.05) apart from right and 
left femora in the 25-34 year and 65-76 year cohorts, which resulted in marginally significant 
differences (p<0.1). Marginal differences (p<0.1) were also shown in the left ML diameter aged 
15-24 years, the right and left aged 25-34 years and no significant difference (p>0.1) in the 
right 45-54 years, however, all other samples were significant (p<0.05). Right and left 
circumferences were significantly different (p<0.05) across all ages except 25-34 years where 
no significant differences were found (p>0.1). Right and left cortical area were significantly 
different (p<0.05) across all age cohorts, apart from a marginal significance (p<0.1) evident in 
 78 
the right side aged 15-24 years and the left side aged 25-34 years, and no significance (p>0.1) 
seen in the right side aged 25-34 and 45-52 years (Table 4.4.6-1).  
 
Table 4.4.6-1. Mean absolute difference between males and females for each femoral 
measurement in our Queensland sample (n=51 males, n=25 females). 
NB: 
Measurements 
in millimetres (mm). 
 
Femoral 
Measurements 
Mean Difference 
15-24 
years 
25-34 
years 
35-44 
years 
45-54 
years 
55-64 
years 
65-76 
years 
Right Epicondylar Breadth 13.04** 10.62** 14.46** 11.97**  9.38** 14.13** 
Left Epicondylar Breadth 12.01** 9.99** 14.40** 10.80** 8.91** 13.68** 
Right AP Diameter  5.67** 4.28 3.81** 3.79** 4.24** 3.99 
Left AP Diameter  5.87** 4.26 4.47** 4.57** 3.26** 3.39 
Right ML Diameter 6.32** 2.83 3.50** 1.34 2.84** 3.41** 
Left ML Diameter  5.08* 3.56* 4.68** 1.84** 3.42** 4.21** 
Right Circumference 17.56** 11.20 16.96** 8.20** 12.64** 12.64** 
Left Circumference 16.52** 12.26 13.84** 10.60** 11.43** 11.79** 
Right Cortical Area* 174.70* 117.37  138.97** 64.34 144.39** 185.06** 
Left Cortical Area* 166.02** 139.52* 164.86** 88.20** 143.83** 177.69** 
*Cortical area: mm
2
, *(p<0.1), **(p<0.05) 
 
4.4.7 Femoral Bilateral Asymmetry 
Females demonstrated marginally significant (p<0.1) bilateral asymmetry in ML 
diameter and cortical area, and males displayed significant differences (p<0.05) in right and left 
epicondylar breadth and ML diameter measurements. Asymmetry was quantified by calculating 
directional asymmetry, absolute asymmetry and percentage bias. Directional asymmetry refers 
to the directional difference between the femoral measurements, while absolute asymmetry is 
the magnitude of the difference. Percentage bias was calculated as a count variable of 
asymmetry and is an alternative expression of directional asymmetry and is not influenced by 
descriptive statistics (Abdel Fatah et al., 2012). Directional asymmetry equations showed a 
right side bias in Queensland males and females for the majority of femoral measurements, 
except epicondylar breadth in females, and ML diameter and cortical area in males, which 
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showed a left side bias. Absolute asymmetry equations showed that in general, the greatest 
asymmetry was present in ML diameter and cortical area (Table 4.4.7-1). Percentage bias for 
the femoral measurements graphically shows that males and females display asymmetry with a 
right side bias overall, with the exception of male ML diameter and female cortical area (Figure 
4.4.7-1).  
 
Table 4.4.7-1. Asymmetry of femoral measurements for Queensland males and 
females in our study population (n=51 males, n=25 females). Measurements reported 
as mean ± standard deviation. 
NB: 
Measurements in millimetres (mm). 
 Queensland Males Queensland Females 
 Directional 
Asymmetry 
Absolute 
Asymmetry 
Directional 
Asymmetry 
Absolute 
Asymmetry 
Epicondylar Breadth 0.30 ± 0.99 0.75 ± 0.63 -0.01 ± 1.04 0.72 ± 0.73 
AP Diameter 0.63 ± 2.84 1.93 ± 1.80 0.21 ± 2.67 1.87 ± 1.87 
ML Diameter -0.99 ± 3.01 3.51 ± 1.80 1.91 ± 3.94 3.46 ± 2.60 
Circumference 0.24 ± 2.23 1.96 ± 1.27 1.05 ± 2.19 1.91 ± 1.47 
Cortical Area -0.63 ± 3.79 3.60 ± 2.19 1.57 ± 4.06 3.48 ± 2.54 
Negative directional asymmetry values indicate left bias, while positive values indicate a right bias.  
 
 
Figure 4.4.7-1. Graphical representation of the percentage bias for Queensland females 
and males for femoral measurements, independent of age. Asymmetry is presented as a 
count variable with values >50 indicating right-bias.  
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4.4.8 Novel Stature Equations for a Contemporary Queensland Population using 
Bayesian Analysis  
 Bayesian analysis investigated all combinations of the femoral variables to obtain a 
likelihood of stature estimation and a probability that each model (equation) is favoured for 
accurately predicting stature. The Bayesian stature estimation equation introduced is the 
coefficient multiplied by the particular femoral parameter plus the intercept. In all instances, 
the equation is:  
Coefficient x (femoral parameter measurement) + Intercept 
Male and females were pooled due to the small female sample size, resulting in pooled stature 
equations. Once all possible subsets were compared, the results showed that an equation 
utilising only femoral length in a case where all femoral measurements are available, gave a 
highest probability (0.699) for estimating stature accurately. Bayesian stature estimate 
parameters were calculated for all femoral parameters separately (Table 4.4.8-1) and in 
combination (Table 4.4.8-2). When using combination parameters, the two separate coefficients 
are added as an addition sum in the equation. Table 4.4.8-3 presents the probabilities for 
utilising other femoral measurements when femoral length cannot be obtained, showing that the 
‘Epicondylar breadth’ equation should be utilised (probability of 0.496). Table 4.4.8-4 presents 
equations for use when femoral length and epicondylar breadth cannot be obtained. In that 
instance, the ‘Cortical area’ equation is recommended (probability of 0.586). To provide a 
working example of the femoral length equation, the ‘femur coefficient’ is utilised (2.58) x 
femur length (44.0cm) and add the intercept (53). The resulting point estimate of stature is 
166.52cm.   
 
Table 4.4.8-1. Bayesian Estimate Parameters for each separate femoral 
measurement, independent of sex. The numbers in the brackets refer to the standard 
deviation.  
Variable Intercept Coefficient (slope) 
Femoral Length 52.95 (40.29, 65.71) 2.58 (2.30, 2.85) 
Epicondylar Breadth 88.67 (73.75, 103.67) 0.99 (0.81, 1.17) 
AP Diameter 115.16 (102.06, 128.55) 1.83 (1.40, 2.25) 
ML Diameter 120.13 (105.57, 134.85) 1.84 (1.31, 2.36) 
Circumference 106.40 (93.11, 119.78) 0.71 (0.57, 0.86) 
Cortical Area 139.92 (133.59, 146.25) 0.07 (0.52, 0.08) 
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Table 4.4.8-2. Bayesian Estimate Parameters when all femoral measurements are 
available, based on order of probabilities. 
Model Probability Intercept 
Femur 
Coefficient 
Epicondylar Breadth 
Coefficient 
Cortical Area 
Coefficient 
Femoral length 0.699 53.00 (40.43, 65.69) 2.58 (2.30, 2.85) - - 
Femoral length + 
Epicondylar breadth 
0.117 50.80 (39.08, 62.84) 2.03 (1.64, 2.41) 0.33 (0.16, 0.49) - 
Femoral length + Cortical 
area 
0.050 63.46 (48.60, 78.45) 2.18 (1.77, 2.59) - 0.02 (0.003, 0.03) 
 
Table 4.4.8-3. Bayesian Estimate Parameters when femoral length is excluded, based 
on order of probabilities. 
Model Probability Intercept 
Epicondylar 
Breadth 
Coefficient 
Cortical Area 
Coefficient 
Circumference 
Coefficient 
AP Diameter 
Coefficient 
Epicondylar breadth 0.496 
88.57 (73.81, 
103.73) 
0.99 (0.81, 1.17) - - - 
Epicondylar breadth + Cortical 
area 
0.115 
104.55 (87.36, 
121.88) 
0.62 (0.33, 0.90) 0.03 (0.01, 0.05) - - 
Cortical area 0.102 
139.93 (133.48, 
146.30) 
- 0.07 (0.05, 0.08) - - 
Epicondylar breadth + 
Circumference 
0.090 
87.65 (73.34, 
102.33) 
0.66 (0.37, 0.94) - 0.32 (0.10, 0.53) - 
Epicondylar breadth + AP 
Diameter 
0.077 
87.60 (73.14, 
102.03) 
0.74 (0.49, 0.99) - - 
0.73 (0.21, 
1.25) 
 
Table 4.4.8-4. Bayesian Estimate Parameters when femoral length and epicondylar 
breadth are excluded, based on order of probabilities. 
Model Probability Intercept 
Cortical Area 
Coefficient 
Circumference 
Coefficient 
AP Diameter 
Coefficient 
Cortical area 0.586 139.93 (133.48, 146.30) 0.07 (0.05, 0.08) - - 
Circumference 0.271 106.40 (93.12, 119.78) - 0.71 (0.57, 0.86) - 
AP diameter + Cortical area 0.039 128.93 (115.29, 142.32) 0.05 (0.03, 0.07) - 0.62 (-0.03, 1.30) 
Cortical area + Circumference 0.032 124.93 (105.19, 144.57) 0.04 (0.01, 0.07) 0.29 (-0.08, 0.66) - 
 
Where femoral length is obtainable, the results showed that the inclusion of additional 
femoral measurements does not increase the accuracy of the stature estimate. As demonstrated 
in Table 4.4.8-5, the stature estimate does not change significantly with the inclusion of 
epicondylar breadth. Two extreme epicondylar breadth values were applied with each femoral 
length input, and although a larger epicondylar breadth measurement is associated with 
predicting a taller person, the predictions utilising the epicondylar breadth values are still well 
within the credible interval when using femoral length alone. Further, the credible intervals 
when utilising epicondylar breadth are not reduced, so there is seemingly little value in the 
inclusion of epicondylar breadth when femoral length is available.   
 82 
Table 4.4.8-5. Posterior prediction of stature and credible intervals for 150000 MCMC 
draws of the two models – femoral length and femoral length + epicondylar breadth. NB: 
Epicondylar breadth measurements in millimetres (mm), all other values in centimetres (cm). 
Femoral 
Length 
Epicondylar 
Breadth 
Predicted LCI UCI 
42 - 161.26 154.63 167.88 
42 70 159.03 152.84 165.23 
42 75 160.64 154.60 166.72 
42 80 162.28 156.17 168.36 
45 - 168.99 162.47 175.49 
45 75 166.77 160.65 172.87 
45 80 168.37 162.34 174.38 
45 85 170.00 163.97 176.03 
48 - 176.73 170.18 183.31 
48 80 174.48 168.36 180.61 
48 85 176.12 170.06 182.16 
48 90 177.73 171.68 183.76 
51 - 184.47 177.79 191.16 
51 85 182.23 175.99 188.44 
51 90 183.83 177.70 189.95 
51 95 185.46 179.33 191.55 
LCI: Lower credible interval, UCI: Upper credible interval 
 
The error between predicted and actual stature is evident in Figure 4.4.8-1 when using 
the femoral length model. It can be seen that in some instances inclusion of epicondylar breadth 
results in a residual close to zero (red circles), hence a better prediction, but in many instances 
it also results in a larger residual (in absolute values), hence a worse prediction. If a residual 
error closer to zero were consistent, this would indicate the value of including epicondylar 
breadth, but this is not the case.  
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Figure 4.4.8-1. Error between predicted stature and actual stature when using the novel 
contemporary equations. 
NB: 
The black circles refer to mean residual for the femoral length 
model and the red circles refer to the femoral length + epicondylar breadth model. The black 
vertical bars represent the credible intervals. 
 
4.5 DISCUSSION 
 
4.5.1 Constructing a Reliable Virtual Protocol  
Precision testing showed minimal intra-observer and inter-observer error, therefore 
validating the reliability of the measurement process as the coefficients of reliability and 
%TEM values were above R=0.95 and below 5% rTEM as recommended by current 
anthropological standards (Franklin et al., 2013). The protocol utilises the ‘extreme position’ 
tool for measuring epicondylar breadth, AP diameter and ML diameter; therefore the program 
was able to automatically determine the most distal points on the bone, introducing very little 
observer error in measurements. Additionally, circumference and cortical area were also 
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automatically calculated by the program, and there were no steps in the midshaft protocol that 
relied on observer judgements, therefore minimal observer error was expected, thus supporting 
the robustness of this protocol  
 
As previously described, the manual segmentation method was used to extract the 
femoral surface in Amira®, creating a model of triangular faces representing the bone 
morphology. In the worst case, manual segmentation provides accuracies of a quarter of a 
millimeter or less, and is therefore highly reliable (Mahfouz et al., 2007). In addition, 3D 
analyses are valuable as a person’s true anatomy can be visualised and manipulated as a 
complete image to accurately conduct measurements in a 3D space, reducing inter-observer 
error which may be evident in 2D images, such as plain radiography, where landmarks can be 
difficult to view due to superimposition and projection artefacts such as foreshortening 
(Mahfouz et al., 2012). Further, as discussed by Mahfouz et al. (2012), radiographic 
measurements are subject to error due to misalignment of the bone in relation to the imaging 
plane, while a 3D approach allows identification of landmarks on any surface and in any plane 
independent of the CT resolution.   
 
4.5.2 Femoral Measurements and Age Related Changes  
As evident in the results, a significant increase was found in all measurements for males 
except ML diameter between the ages 15-24 and 25-34 years and all measurements in females, 
expect left epicondylar breadth, between the ages of 15-24 and 35-44 years. However, the small 
sample size of 1 in the female 25-34 year cohort is likely to have limited statistical comparisons 
with this age cohort in females. The increase in femoral measurements with age may be 
explained by continued femoral periosteal appositional growth. According to Epker and Frost 
(1966), appositional growth can continue after maturity, suggesting that the periosteal surface 
remains in positive bone balance, recurrently adding bone. An increase in bone mass is 
relatively unaffected after age 18 years, however, a further 5-10% of bone gain may occur until 
28-30 years of age (Heaney et al., 2000). In addition, a study on Caucasian females showed a 
gain in bone accumulation up until menopause, however, the proximal femur had obtained 
most of its bone mass by late adolescence (Matkovic et al., 1994). The results of our research 
clearly demonstrate an increase in femoral parameter dimensions until peak bone mass is 
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reached and then a slow decline in femoral size with advancing age due to osteopenia in 
females. Osteopenia refers to any disease resulting in a decrease of mineralized bone, causing 
bone loss (Mundy, 1987) and therefore a decrease in bone mass. Further, predominantly in 
women, bone mass tends to decrease after the age of 45 years due to a bone loss phase caused 
by oestrogen deficiency occurring at menopause; this affects the balance between bone 
resorption and bone formation and ultimately results in bone being removed but not entirely 
replaced (The ESHRE Capri Workshop Group, 2010).   
 
In contrast to our study, a study of anterior-posterior diaphyseal width at isthmus level 
of the shaft of the femur showed that older females (aged 60-90 years) displayed measurements 
1.7mm larger than the younger female group (aged 40-60 years), suggesting that endosteal 
involution had occurred leading to diaphyseal expansion (Noble et al., 1995). The femoral bone 
morphology naturally changes with age as a reaction to alterations in loading and hormonal 
changes, often resulting in narrowing of walls and a shift in the centre of gravity (Boskey and 
Coleman, 2010).  
 
4.5.3 Femoral Measurements and Stature 
Femoral measurements have been shown to vary between populations, with limb 
proportions ranging between individuals of different geographical locations (Ahmed, 2013; 
Stevenson, 1929). In a study on South Africans of European descent, epicondylar breadth 
(described as bicondylar breadth in the Bidmos, 2008 study) presented an average of 80.68mm 
± 4.18mm for males, approximately 6.5mm shorter than males in our study and 72.22mm ± 
3.91mm for females, approximately 3.5mm shorter than females in our study (Bidmos, 2008).  
These differences are most likely due to the geographical difference between the two 
populations or the effect of secular trends as the skeletons used in the Bidmos (2008) study 
belonged to individuals who died between 1957 and 1988 (compared to our population, who 
died between 2012 and 2014). In addition, both males and females showed positive correlations 
between both epicondylar breadth and stature, and epicondylar breadth and maximum femoral 
length, as was seen in our study. Another study on a South Indian male population showed an 
average epicondylar breadth measurement of 80.00mm ± 3.00mm (Chandran and Kumar, 
2012), also smaller than the Queensland population suggesting that Australians are taller in 
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stature. The study resulted in a strong positive correlation between epicondylar breadth and 
stature and equations were computed for estimation of maximum femoral length.  
 
Mediolateral (ML) diameter of CT femoral scans on Caucasians in Rome, Italy 
(described as width of the femoral diaphysis in a stature study by Giurazza et al., 2012) found 
that the mean right and left ML diameter in males was 27.00mm and the mean right and left 
ML diameter in females was 26.00mm. The femoral diaphysis did not result in a high 
correlation with stature and was not further analysed in their study. In comparison to our study, 
ML diameter of males was approximately 29.00mm and 25.00mm in females, again 
demonstrating population-specific variation; furthermore a moderate correlation of ML 
diameter to stature was obtained in our study, despite it not being used in our contemporary 
stature estimation equations as it did not present a high probability for an accurate estimation of 
height. 
 
All femoral measurements in this study showed a moderate to high positive correlation 
with stature, however, correlations were not expected to be as strong as the femoral length 
correlation due in part to fragmentary measurements being very small in relation to overall 
stature, possibly influencing the predictive efficiency. According to Iscan and Steyn (2013), the 
lengths of all major long bones produce the best estimate of stature, followed by other bones 
such as the scapula and then fragmentary long bones, which are expected to have the lowest 
level of accuracy. Our results support Iscan and Steyn (2013), as femoral length had a greater 
correlation to stature than individual fragmentary femoral measurements in this study. The 
correlation results of this study prove to be useful in stature estimation where femoral length 
cannot be determined, with the femoral measurements showing a moderate correlation to 
stature. In comparison to studies by Bidmos (2008), Chandran and Kumar (2012) and Simmons 
et al. (1990), our study demonstrated a higher correlation between fragmentary femoral 
measurements and femoral length, however, different femoral measurements were utilised. The 
mentioned studies used measurements such as femoral head diameter, vertical neck diameter 
and medial and lateral condyle lengths, while this study employed midshaft measurements and 
epicondylar breadth. In both the Bidmos (2008) and Chandran and Kumar (2012) studies, distal 
femoral measurements performed the best, which is in agreement with our results, with 
epicondylar breadth resulting in the highest correlation to femoral length.  
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Studies by Bidmos (2008), and Chandran and Kumar (2012) calculated regression 
equations using fragmentary femoral measurements and resulted in standard errors of 1.3-
2.2cm and 0.6-0.8cm, respectively for the indirect method (estimating femoral length before 
stature). In addition, Bidmos (2008) computed equations for the direct estimation of stature 
resulting in standard errors of 3.7-5.3cm, which is more accurate than other stature equations 
such as equations utilising the calcaneus (Bidmos, 2008; Bidmos and Asala, 2005; Holland, 
1995), metatarsals (Byers et al., 1989; Cordeiro et al., 2009) and foramen magnum (Cui and 
Zhang, 2013), suggesting that femoral measurements may be preferable to utilising other bones 
to estimate stature. However, as our study employed a Bayesian statistical approach, a direct 
comparison of standard errors of the regression equations is not possible. According to Bidmos 
(2009) and Chandran and Kumar (2012) the direct method for stature estimation provides the 
most accurate stature estimation, is more reliable and can be calculated with ease as only one 
equation is required. The authors also described the indirect method as a shortcoming as the 
standard error introduced in the indirect method is higher than the direct method due to the 
standard errors associated with both equations (to estimate maximum femoral length and then 
stature). Our study supports this finding showing that error was lower in the direct method and 
it is therefore recommended that in the absence of femoral length, a direct method of stature 
estimation be employed, estimating stature from the fragmentary femoral measurements  
 
4.5.4 Femoral Measurements and Sex 
The most frequently applied measurements for estimating sex in the femora are 
maximum length, midshaft diameter, epicondylar breadth and diameters of the femoral head 
(Harma and Karakas, 2007). In this study, males demonstrated significantly larger 
measurements than females in all femoral measurements, which can be expected as males are 
larger in height and weight, with the average Australian male being 175.6cm tall and 85.9kg, 
while the average Australian female is 161.8cm tall and 71.1kg based on 2011-2012 population 
data (ABS, 2012). The distal femur is known to be sexually dimorphic despite the lack of 
research in the area (Mahfouz et al., 2007). Epicondylar breadth has shown to be sexually 
dimorphic in Chinese individuals, resulting in 94.9% separation, meaning that it correctly 
determined sex in 95% of samples (Iscan and Shihai, 1995). A German study and a North 
Indian study also showed sexual dimorphism in epicondyar width, with a discriminant analysis 
resulting in 81.4% and 83.6%, respectively (Mall et al., 2000; Srivastava et al., 2012). The 
 88 
North Indian population resulted in a difference of approximately 8.55mm between the sexes 
(Srivastava et al., 2012), while our study demonstrated a difference of 11.45mm between the 
sexes. A study by Harma and Karakas (2007), found that there were no significant differences 
between males and females for transverse diameter (mediolateral diameter) of the femur, 
however in contrast, the results of this study showed significant sexual dimorphism across all 
ages in ML diameter, except the right femur in individuals aged 25-34 and 45-54 years.  
 
As presented in this study, femoral circumference resulted in significant sexual 
dimorphism across all ages except 25-34 years, which is supported by DiBennardo and Taylor, 
(1979) who estimated sex with 82% accuracy on a North American White sample, likely due to 
its relationship to body mass and muscular attachment. Cortical area was larger across all ages 
from 11 years in males when compared to females in a study by Feik et al. (1996), with a 
greater decline of bone area in women, likely due to rapid bone loss at menopause. The study 
resulted in an average male cortical area of 422.4cm
2
 and an average female cortical area of 
356.7cm
2 
(Feik et al, 1996; Feik et al, 1997), while our study showed an average cortical area 
of 527.3cm
2
 in males and 393.7cm
2
 in females. Our results support the significantly higher 
cortical area in males, however, our population demonstrated greater cortical area in both males 
and females 
 
4.5.5 Stature Equations for a Contemporary Queensland Population  
As demonstrated in the results, Bayesian models were computed for stature estimation 
in a contemporary Queensland population. Bicondylar (femoral) length is the most favourable 
measurement for obtaining the most accurate estimate of stature, with a probability of 0.699. In 
a situation where a complete femur is not recovered, additional equations were computed 
utilising other measurements of the femur. In the case where bicondylar (femoral) length 
cannot be obtained, epicondylar breadth should be used (probability of 0.496, where bicondylar 
length is excluded). In a situation where bicondylar length and epicondylar breadth cannot be 
obtained due to degradation of these surfaces, but the midshaft is distinguishable, cortical area 
alone should be used (probability of 0.586 excluding bicondylar length and epicondylar 
breadth). 
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Although multiple combinations between all measurements were tested to obtain 
stature, the greatest probabilities for stature estimation were observed when femoral length, 
epicondylar width and midshaft cortical area were each used in isolation. In that case, it was not 
feasible to combine femoral length and/or other femoral measurements to obtain a more 
reliable estimate of stature, instead equations utilising various measurements increased the 
amount of error associated with the particular equation. Table 3.3.9-4 compared stature 
predictions utilising bicondylar length alone and bicondylar length + epicondylar breadth and 
found that credible intervals are not reduced, therefore deeming the inclusion of epicondylar 
breadth invaluable.  
 
Further, separate equations have not been computed for males and females in this study, 
as unfortunately the female sample size was not large enough (n=25) to result in a reliable 
stature estimate equation. As a result, the above equations are recommended for use in forensic 
casework for the estimation of stature in Caucasians, irrespective of sex.  
 
4.6 CONCLUSIONS 
4.6.1 A reliable virtual protocol to measure epicondylar breadth, diaphyseal anteroposterior 
(midsagittal) and mediolateral (coronal) diameters, diaphyseal circumference and 
cortical area from CT datasets was developed utilising reverse engineering software, 
with precision testing (intra and inter observer error) indicating that the level of error 
displayed is in accordance with the accepted range of R > 0.95 and rTEM < 5%.  
4.6.2 A significant increase (p<0.05) was observed in epicondylar breadth, AP diameter, 
circumference and cortical area between the 15-24 and 25-34 year cohorts in 
Queensland males, while a significant increase (p<0.05) was observed in all parameters 
apart from left epicondylar breadth between the 15-24 year and 35-44 year age cohorts 
in Queensland females.  
4.6.3 All femoral morphometric measurements conducted in this study are correlated with 
stature directly, with the indirect method introducing compounding error. Therefore it is 
recommended that the direct method for stature estimation is used (one equation for 
stature estimation). 
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4.6.4 Right and left epicondylar breadth demonstrated significant sexual dimorphism across 
all ages, with males demonstrating larger dimensions in both the right and left femora 
throughout all femoral measurements when compared to females. 
4.6.5 The most asymmetry was present in ML diameter and cortical area, with all femoral 
measurements in this study resulting in a right side bias in males and females, with the 
exception of male ML diameter and female cortical area. 
4.6.6 Bayesian regression equations were constructed for stature estimation in contemporary 
Queensland individuals when all femoral measurements are available, when bicondylar 
length is not available and when bicondylar length and epicondylar breadth are not 
available. 
Recommended stature equations to be applied to Queensland individuals, irrespective of 
sex:   
(i) if femur is intact:  
 2.58 x (femoral length) + 53 
(ii)  if femoral length unavailable, and epicondylar width is available:  
 0.99 x (epicondylar breadth) + 88.57 
(iii)  if femoral length and epicondylar breadth are unobtainable:  
 0.07 x (cortical area) + 139.93 
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 CHAPTER 5 
INVESTIGATING THE ACCURACY OF QUEENSLAND DRIVER’S 
LICENCES 
 
5.1 INTRODUCTION 
When constructing missing persons profiles in Queensland, police usually acquire 
reported or ‘forensic’ stature from the individual’s driver’s licence data records. When skeletal 
remains are recovered, the forensic stature is compared to estimated stature obtained using 
stature regression equations such as Trotter and Gleser, with the aim of matching the 
unidentified skeleton with a missing person’s profile. As licence height information may be 
frequently self-reported, a considerable amount of inaccuracy and systematic biases (Giles and 
Hutchinson, 1991) can be expected in the reporting of stature in missing person’s profiles.   
 
According to studies by Ousley (1995), Wang et al., (2002) and Willey and Falsetti 
(1991), both males and females tend to overestimate their height. Further, males tend to 
overestimate their height more than females (Giles and Hutchinson, 1991; Willey and Falsetti, 
1991). However, the contextual environment and age of the individual needs to be considered 
as a different response is likely to be expressed in different situations, for example an honest 
answer is likely to be provided in scenarios where medical history is being collected compared 
to an exaggerated answer that may be given amongst friends. A study utilising young, educated 
individuals undertaking introductory anthropology courses was conducted using a 
questionnaire approach to obtain participant information, with the authors concluding that the 
students would estimate driver’s licence stature with more accuracy than older, less educated 
people (without tertiary qualifications) (Willey and Falsetti, 1991). Furthermore, an Australian 
study conducted on younger individuals aged 15-19 years utilising information from the 1995 
Australian National Health Survey (NHS) and National Nutrition Survey (NNS), found that 
although the survey results are likely to be truthful, the authors hypothesised that the responses 
may be a guess in instances and may be naïve due to the adolescent sample, therefore not as 
reliable as adult individuals (Wang et al., 2002). As the differences between reported license 
height information and actual height in a Queensland population is unexplored, it is essential to 
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investigate the error as reported height may influence stature estimations and therefore the 
identification of human remains. Further, as little information is documented on the differences 
in height between standing and lying down, individuals in this study will be measured in 
standing and supine positions for comparison.  
 
5.2 SPECIFIC AIMS AND HYPOTHESES 
The third aim of this research is to assess the relationship between reported stature 
versus measured stature within an adult Queensland population to determine the applicability of 
using licence information in forensic casework. More specifically: 
(i) To investigate the accuracy of driver’s licence height data in male and female 
individuals; 
(ii) To investigate the accuracy of males and females estimating their own height; 
(iii) To investigate the relationship between supine and standing heights in male and 
female individuals. 
 
5.2.1 Specific Objectives 
(i) To calculate the bias and inaccuracy, and perform Student’s T-tests of height as 
stated on their driver’s licence to the measured standing height; 
(ii) To calculate the bias and inaccuracy, and perform Student’s T-tests of perceived 
height and measured standing height to assess degree of over or underestimation; 
(iii) To perform Student’s T-tests of supine and standing heights;  
(iv) To perform Student’s T-tests to determine statistical significance of sexual 
dimorphism and effect of age in objectives (i-iii). 
 
5.2.2 Specific Hypotheses 
Hypothesis 1. Driver’s licence height will be significantly higher when compared to measured 
standing height in an adult Queensland population, requiring recommendations 
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for improving height data used in missing person’s profiles. Greater error will be 
observed in male samples. 
Hypothesis 2.  Both males and females will overestimate their height, but males will display 
greater inaccuracies than females. 
Hypothesis 3. Younger individuals will be more accurate than older individuals when 
estimating height. 
Hypothesis 4.  Supine heights will display significantly greater stature when compared to 
standing heights in an adult Queensland population. 
 
5.3 MATERIALS AND METHODS 
 
5.3.1 Sample Demographics 
 The sample consisted of 111 staff members and students from the Queensland 
University of Technology, Brisbane; 104 of these individuals had licence height information. 
The sample comprised of 34 male and 77 female individuals aged 16 to 63 years, with data 
being collected for the duration of September to November, 2013 (Figure 5.3.1-1.). 
 94 
 
Figure 5.3.1-1. Age and sex distribution of all QUT participants who completed the 
questionnaire and had their stature measured. The frequency of male (blue; n=34) and 
female (pink; n=77) individuals according to age.  
 
 A Negligible/Low Risk Human Ethics Application was approved by the QUT’s 
University Human Research Ethics Committee (UHREC) allowing access to anonymous 
participant information (approval number: 1300000131).  
 
5.3.2 Data Acquisition 
 A Seca portable stadiometer was purchased for all standing height measurements and a 
body ruler was constructed using an adjusted version of a Kreg Precision Measuring System for 
all supine height measurements. In order to collect a sufficient number of samples, 
measurements were taken throughout the day, at no specific time. Upon being recruited for the 
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study, all participants were required to complete an anonymous questionnaire (Appendix 2) 
with short written questions including: age, sex, perceived height, licence height, where the 
licence was obtained, whether the height data was measured or self-reported and if the 
individual has had the height data updated since first receiving their licence. Following the 
completion of the questionnaire, two height measurements were obtained by the investigators: 
 
  (a) Standing Height  
 The participant stands on a fixed base plate with shoes removed, with the vertical 
measuring post at the individual’s dorsum. As the participant looks directly ahead, the upper 
mobile arm of the stadiometer is lowered to the vertex of the head. The measurement to the 
nearest millimetre is read off the vertical ruler and recorded by the investigator (Figure 5.3.2-
1).  
 
Figure 5.3.2-1. Demonstration of standing height measurement utilising the Seca 
Stadiometer. Mobile arm of the stadiometer is lowered until contact is made with the vertex of 
the head.  
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 (b) Supine Height 
 The body ruler requires the participant to lie supine (lying on their back) on a padded 
flat surface, such as an elevated table, with shoes removed. With the individual looking directly 
ahead with an extended position of the neck, the body ruler is suspended above the participant 
with an investigator each end. The fixed arm of the body ruler is placed at either the right or left 
calcaneum, while the mobile arm is adjusted to the vertex of the cranium. Either calcaneum can 
be utilised as no significant differences have been found between right and left stature 
measurements (as discussed in Chapter 3) (Figure 5.3.2-2). The measurement was conducted 
immediately after the individual lied in the supine position.  
 
Figure 5.3.2-2. Demonstration of supine height measurement utilising the body ruler. 
Mobile arm of the body ruler is adjusted until it touches the vertex of the individual’s head.  
 
5.3.3 Statistical Analysis  
 All questionnaire answers and measured heights were uploaded into a spreadsheet and 
then analysed in SPSS
®
 v19 (SPSS Inc, Chicago, USA) with statistical significance regarded as 
marginal at p<0.1 and significant at p<0.05. A Kolmogorov-Smirnov test was utilised to 
demonstrate normality in both males and females to determine the application of parametric or 
nonparametric techniques. Descriptive statistics were conducted separately for males and 
females, followed by paired Student’s T-tests to compare: 
 (i) licence height and measured standing height; 
 (ii) perceived height and measured standing height; and 
 (iii) measured supine and measured standing height. 
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Pearson’s correlation coefficients (R) were used to demonstrate the strength of these 
relationships. Furthermore, for each of the above comparisons, mean error was represented by 
bias or mean deviation (Σ(estimated stature-measured stature)/n); inaccuracy or mean absolute 
error (Σ(|estimated stature-measured stature|)/n) where n is the number of individuals; and 
precision (interquartile range of absolute error of all samples). In addition, independent t-tests 
were utilised to determine differences between males and females.  
 
5.4 RESULTS 
 
5.4.1 Descriptive Statistics  
As displayed in Table 5.4.1-1, the mean measured standing height for Queensland 
males and females in this study was 179.98cm and 165.84cm, respectively, demonstrating that 
females were shorter with a mean difference of 14.14cm. The ages for separate male and 
female groups were not normally distributed therefore, median age for male participants was 
20.5 years with an age range of 17-41 years, while females had a median age of 22 years with a 
range of 16-63 years.  
 
Table 5.4.1-1. Descriptive statistics for Queensland males and females in this study for all 
stature parameters (n=34 males, n=77 females). Measurements in centimetres (cm). 
NB: 
Reported as mean ± standard deviation.  
DESCRIPTIVE STATISTICS 
 Queensland Males Queensland Females 
 Mean Range Mean Range 
Licence Height 181.06 ± 5.46 171.00 – 195.00 165.84 ± 7.11 151.00 – 178.00 
Perceived Height 180.61 ± 6.45 165.00 – 196.00 165.61 ± 7.60 147.00 – 180.00 
Standing Height 179.98 ± 6.21 166.60 – 190.40 165.15 ± 7.07 150.70 – 178.70 
Supine Height 182.06 ± 6.49 170.20 – 192.80 167.66 ± 7.42 151.60 – 183.00 
 
5.4.2 Measurement of Error  
The three measurements of error used in this study were bias, inaccuracy and precision: 
bias referring to the directionality of error, that is the tendency to over- or under-estimate; 
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inaccuracy indicating the mean absolute error, or in other words, the magnitude of the error; 
and precision indicating the variance in estimation.  
 
5.4.3 Licence Height versus Measured Standing Height: Specific Aim (i) 
 Participants recorded their perceived licence height on a questionnaire before height 
was measured in an erect position on a stadiometer. Male and female licence data demonstrated 
a small tendency to overestimate their licence height compared to measured standing height 
(bias: 0.53 and 0.63, respectively) with a mean absolute error of 2.06cm and 1.76cm, 
respectively (Table 5.4-1); however, this difference was not statistically significant and had a 
strong positive correlation (p>0.1; R=0.90). As displayed in Figure 5.4.3-1, overall licence 
height and standing height represents a linear relationship, with the degree of over and 
underestimation represented for pooled males and females in Figure 5.4.3-2. Approximately 
58% of individuals displayed an overestimation of their height on their driver’s licence (Table 
5.4-2). When total stature is normalised (inaccuracy value for licence data divided by measured 
height), there is no significant difference (p>0.1) between male and female samples in the 
accuracy of licence data.  
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Figure 5.4.3-1. Licence height and measured standing height of male and female 
individuals in a Queensland population display a linear correlation (n=104). 
 
 Approximately 70% of individuals stated that their height was ‘self-reported’ upon 
obtaining their driver’s licence. Therefore data was separated into individuals who had stature 
measured by the Department of Transport and individuals who self-reported their height when 
obtaining their licence. Upon self-reporting, it was found that males had a strong tendency to 
overestimate their height with a 1.24cm bias and a large inaccuracy of 2.25cm when self 
reporting. Licence data from males who self-reported was marginally significantly greater than 
actual height but maintained a positive correlation (p<0.1; R=0.88). On the other hand, male 
height had a tendency to be underestimated when physically measured by the Department of 
Transport with a small bias of -0.38cm and overall inaccuracy of 1.83cm which did not reach 
R=0.90 
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significance and had a strong positive correlation (p>0.1; R=0.92). Females also overestimated 
when self-reporting, however, slightly less when compared to males, with a bias of 0.49cm and 
inaccuracy of 1.65cm; this difference did not reach statistical significance and had a strong 
positive correlation (p>0.1; R=0.95). When female height was measured by the Department of 
Transport, their licence height had a tendency to be overestimated with a bias of 0.94cm and an 
inaccuracy of 1.97cm (Table 5.4-2); this difference was marginally significant with a high 
positive correlation (p<0.1; R=0.94). Over- and under-estimation is demonstrated for self-
reported licence height and measured licence height in Figure 5.4.3-2 also for pooled male and 
female participants.  
 
Figure 5.4.3-2. The degree of overestimation (positive values) and underestimation 
(negative values) between licence height and standing height in a Queensland population 
(n=104; pooled male and female participants). The blue bars represent individuals who ‘self-
reported’ their licence height and the red bars represent individuals who were ‘measured’. 58% 
display overestimation of height on their licence.  
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 For an age analysis, the data was sorted into a ‘younger’ group consisting of individuals 
30 years and under (n=24 males, n=52 females) and an ‘older’ group of individuals aged over 
30 years (n=6 males, n=20 females). A paired T-test showed that there were no significant 
differences (p>0.1) between licence height and actual height for the younger male group, the 
younger female group or the older male group, however, significant differences (p<0.05) were 
found for the older individuals in the female group. Separately, males’ driver’s licences were 
overestimated for younger (bias, 0.65cm) and older age cohorts (bias, 0.55cm), with 
inaccuracies of 2.12cm and 2.57cm, respectively. Females also displayed overestimations on 
their driver’s licences with the older age cohort displaying a larger overestimation; the younger 
female age cohort displayed an inaccuracy of 1.76cm, while the older age cohort had an 
inaccuracy value of 2.16cm (Table 5.4-1).   
 
5.4.4 Perceived Height versus Measured Standing Height: Specific Aim (ii) 
 Participants were asked to estimate their own height before height was measured in an 
erect position on a stadiometer. Males had a tendency to overestimate their actual height with a 
bias of 0.63cm and a mean inaccuracy of 2.57cm (Table 5.4-1), with a strong correlation and a 
variance of 1.25-3.48cm between perceived height and standing height (R=0.92), but this 
difference did not demonstrate statistical significance (p>0.1). Females showed a significant 
difference (p<0.05; R=0.97) with an overestimation of perceived height (bias value of 0.40cm), 
a mean inaccuracy of 1.55cm and a variance of 0.50-2.18cm (Table 5.4-1). An independent T-
test was run on the inaccuracy values for perceived versus standing height and resulted in 
statistically significant differences (p<0.05) between males and females, indicating that the 
amount of error is significantly different between sexes. Figure 5.4.4-1 graphically shows the 
amount of over- and under-estimation in pooled male and female samples for perceived height 
versus measured standing height. Approximately 56% of males and 56% of females 
overestimated their height (Table 5.4-2). In addition, there was no correlation and no significant 
difference between error and the height of an individual (R=0.03; p>0.1), therefore shorter 
individuals do not tend to overestimate height and taller individuals do not tend to 
underestimate height. 
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Figure 5.4.4-1. The degree of overestimation or underestimation for perceived height 
when compared to actual standing height in a Queensland population in this study 
(n=111). 56% of females and males overestimated their actual standing height. 
 
 If individuals self-reported their height on their licence, it was hypothesised that 
perceived height and licence data would be very similar; therefore Student’s T-tests were run to 
determine if there were significant differences between self-reported data and perceived height. 
There were no significant differences (p>0.1) between perceived height and self-reported 
licence data for pooled and separated male and female samples. Further, T-tests were then run 
for perceived height versus pooled overall licence height (measured and self-reported) and no 
significant differences were found for pooled, male or female data (p>0.1).  
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 For an age analysis, where the data was again organised into a ‘younger’ group 
consisting of individuals 30 years and under, and an ‘older’ group of individuals aged over 30 
years, a paired Student’s T-test showed that marginally significant differences (p<0.1) were 
evident between perceived height and actual height for the younger group and no significant 
differences (p>0.1) were found for the older individuals. Separately, no significant differences 
(p>0.1) were found in younger or older males, or younger or older females when comparing 
perceived height to actual standing height. Younger males showed a tendency to overestimate 
with a bias of 0.75cm and an inaccuracy value of 2.88cm, while older males also showed a 
tendency to overestimate with a bias of 0.26cm and an inaccuracy value of 1.59cm. Similarly, 
younger females overestimated their height with a bias value of 0.36cm and an inaccuracy 
value of 1.43cm, while older females overestimated their height with a bias value of 0.73cm 
and inaccuracy value of 1.80cm (Table 5.4-1).    
 
5.4.5 Measured Supine Height versus Measured Standing Height: Specific Aim (iii) 
 Participants were measured in an erect position on a stadiometer and then in a prone 
position utilising a body ruler. Males and females displayed significantly greater height 
measurements in a supine position when compared to standing (p<0.05; R=0.97), with bias 
values of 2.08cm and 2.49cm, respectively, mean inaccuracies of 2.12cm and 2.49cm, 
respectively and a variance of 1.10-2.80cm and 1.55-3.68cm, respectively (Table 5.4-1). An 
independent T-test was run on the inaccuracy values for supine versus standing height and 
resulted in no significant differences between males and females, indicating that the amount of 
error is similar between sexes. Approximately 90% of individuals displayed a taller height 
when in the supine position (Figure 5.4.5-1). 
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Figure 5.4.5-1. The degree of difference between supine height and measured standing 
height in a Queensland population in this study (n=111). 90% of samples were taller when 
in the supine position. 
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Table 5.4-1. Measurement of error (bias, inaccuracy and precision) for Queensland males 
and females for reported licence height versus standing height, perceived versus standing 
height and supine versus standing height. ‘Standing’ refers to the erect stature measurement. 
Measurements reported as mean ± standard deviation.  
MEASUREMENT OF ERROR 
 Queensland Males Queensland Females 
 Bias Inaccuracy IQR Bias Inaccuracy IQR 
Licence vs Standing 0.53  2.66 2.06  1.72 (0.75-3.00) 0.63  2.23 1.76  1.47 (0.65-2.45) 
Self Reported Licence Height 1.24  2.60 2.25  1.73 (1.00-3.00) 0.49  2.20 1.65  1.52 (0.50-2.25) 
Measured Licence Height -0.38  2.56 1.83  1.75 (0.50-2.80) 0.94  2.22 1.97  1.35 (1.00-2.90) 
‘Younger’ age cohort 0.65  2.67 2.08  1.78 (0.80-3.03) 0.62  2.20 1.76  1.48 (0.60-2.45) 
‘Older’ age cohort 0.55  3.38 2.12  2.53 (0.55-2.68) 1.86  2.19 2.16  1.73 (0.60-3.50) 
Perceived vs Standing 0.63  3.18 2.57  1.92 (1.25-3.48) 0.40  2.03 1.55  1.36 (0.50-2.18) 
‘Younger’ age cohort 0.75  3.47 2.88  2.00 (1.55-4.08) 0.36  1.80 1.43  1.13 (0.58-2.03) 
‘Older’ age cohort 0.26  2.12 1.59  1.30 (0.58-2.78) 0.73  2.49 1.80  1.84 (0.50-2.20) 
Supine vs Standing 2.08  1.33 2.12  1.25 (1.10-2.80) 2.49  1.60 2.55  1.50 (1.55-3.68) 
Unit of measurement: centimetres (cm) IQR=Interquartile Range of inaccuracy values 
 
Table 5.4-2. Percent of individuals who over-estimated licence height and perceived 
height in this study. 
% OVERESTIMATED  
 Males Females 
Licence Height 55.9 55.8 
Perceived Height  46.7 62.6 
 
5.5 DISCUSSION 
 On average, Australian police services respond to one or more missing person reports 
every day, with New South Wales responding to at least 25 reports a day (James et al., 2008). 
The majority of individuals are located within a week, however, some result in a discovery of 
human remains. Upon the retrieval of the remains, an anthropological analysis is conducted and 
all biological parameters are compared to missing person profiles aiming for identification, 
therefore it is essential that all information included in missing person reports is accurate. As 
previously stated, apart from utilising military height records, medical records or family advice, 
driver’s licence height data is frequently used in Queensland missing person profiles as it is 
relatively easy to obtain, however may be subject to intrinsic error. The results of this study 
showed that on average, both males and females displayed an increased height on their driver’s 
licence when compared to actual standing height, both also showing notable inaccuracies. 
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Although significance was only found in female samples, significance may not have been 
reached in males due to the small sample size (n=34), considering the bias and inaccuracy 
values are comparable to the female sample. As the mean absolute error was approximately 
2cm between licence data and actual height, this relatively small amount of error may not 
significantly impact stature estimations and identification of skeletal remains, however, caution 
needs to be applied as in some cases the error in reported data may be larger. 
 
 In Queensland, when an individual receives their learner’s permit, their current height 
is printed on the licence, and is either self-reported or physically measured at the Queensland 
Transport branch. Interestingly, when the analysis was separated into individuals who ‘self-
reported’ and were ‘measured’ upon obtaining their licence, females demonstrated a greater 
overall error on their licence when they were measured, possibly indicating an unreliable 
measurement through Queensland Transport. Although the majority of participants self-
reported their height upon licence retrieval, a large number of participants who had the height 
measured at Queensland Transport stated that the method of measurement was considerably 
unreliable. Most commonly, participants were instructed to stand in front of a height scale 
fastened on the wall, and their height was recorded without any standard protocol applied. 
Furthermore, shoes were often not removed, likely resulting in an inaccurate height calculation. 
Parallax could also be a factor when measuring taller people, particularly males, due to the 
angle of the line of site by the measurer. Due to the lack of a standardised height measurement 
protocol, it is likely that staff at the Queensland Department of Transport are unaware of the 
importance of height information on Queensland driver’s licences. Alternatively the error may 
be due to a further increase or decrease in height with age after obtaining their licence. Upon 
renewal of an individual’s licence, rarely is the height data updated, instead the height is 
‘carried over’ to the individual’s new licence, regardless of its accuracy. In Queensland, an 
individual is entitled to their ‘learner’s licence’ at 16 years old, with 86% of Australian’s 
holding a car licence by the age of 19-20 years old (Smart and Vassallo, 2005). According to 
Abbassi (2002), the onset of puberty in American males occurs at a mean age of 11 years and 9 
years in females, however is highly variable. The study found that with an earlier onset of 
puberty, the average final height in boys was determined at age 17 years, with girls finalising 
their height at 14 years. Therefore, depending on the age of puberty, it is evident that males and 
females may still be growing at the time of receiving their learner’s licence, and are still to 
reach their adult measure of height. As a result it was anticipated that licence data would 
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underestimate actual height, however, our results show overestimations of stature in male and 
female licences overall. A limitation of this study was that the individuals were not asked when 
they obtained there licence so it cannot be assessed whether they were pubertal at the time of 
getting their licence or if they have started to experience age-related declines. It is likely that 
the age of the individual did not have a significant effect, as height data was self-reported 
largely and perceived stature results show that individuals tend to overestimate. Therefore the 
licence overestimation is likely due to the self-reported perceived height inaccuracies. Males 
resulted in greater error when their licence was self-reported, likely due to an exaggerated 
perception of height, with a majority of males overestimating their height when asked for their 
‘perceived’ height in this study.  
 
 It was shown that a majority of participants self-reported their height data, suggesting 
an inaccurate estimation resulted in an inaccurate height on their licence. Furthermore, when 
requested to record their perceived height, 56% of males and 56% of females overestimated 
their height in our study, possibly due to a subconscious exaggeration towards the individual’s 
preferred height. An American study (Giles and Hutchinson, 1991) found that males 
overestimated their height by approximately 2.5cm while females overestimated by 
approximately 1cm, which is supported by the Australian Bureau of Statistics (1995) which 
found overestimations of 2.1cm and 1.3cm, respectively. A comparison between males and 
females for the error in perceived height in our study resulted in significant differences, 
therefore supporting the literature that males significantly overestimate height at a higher 
magnitude when compared to females, despite the same percentage of males and females 
overestimating.     
 
In addition, it may be noted that older people are likely to have an age-associated stature 
decrease and are estimating their maximum adult stature, not their actual current stature Giles 
and Hutchinson, 1991). However, ‘older’ individuals (classified as over 30 years) in this study 
resulted in no significant differences between perceived height and actual height, although a 
lack of participants over 45 years (n=5) is likely to have influenced the results as the 
participants are not likely to have yet experienced a significant decrease in height due to 
ageing. This is supported by a renowned study by Giles (1991), who stated that a decline in 
stature does not occur until after 45 years in males, and 47 years in females. The results of our 
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study showed that when separated, younger and older males and females all tended to 
overestimate their height. Younger males displayed a stronger overestimation when compared 
to older males, however in contrast, older females displayed a stronger overestimation of height 
when compared to younger females. As this study is based on University students and staff, 
their perceived height may have been more accurate than the general population due to the 
level of education of the sample pool, which is supported by Willey and Falsetti (1991) who 
stated that young, educated individuals are expected to be more accurate with height 
estimations.      
 
 Consistent with the supine versus standing results of this study, other studies have 
noted discrepancies of 2cm due to soft tissue compression in standing individuals when 
compared to the recumbent position. According to Trotter and Gleser (1952), the difference in 
statures is due to an expansion of intervertebral disc height when supine. Moreover, there is 
evidence that the curvatures of the vertebral column become straighter when lying (Terry, 
1940). More recently, a study was conducted by Wood et al. (1996) finding that there were 
significant differences in the midlumbar and thoracolumbar vertebral curvatures, indicating that 
lumbar lordosis and thoracolumbar kyphosis are increased when standing in comparison to the 
supine position, resulting in a more elongated vertebral column in the recumbent position. 
Therefore this helps to explain the observed increase in height in both males and females when 
in the supine position, with 90% of individuals demonstrating higher stature measurements 
when lying down. Mean inaccuracies of 2.12cm in males and 2.55cm in females demonstrate 
the magnitude of the difference between the heights, with individuals up to 6cm taller when 
recumbent. Seven individuals presented a stature slightly shorter (less than 1cm) when in the 
supine position compared to standing. A possible explanation may be stiffening of the 
intervertebral discs in older individuals, however, these samples were aged between 19 and 35 
years and therefore are unlikely to be affected by age-related degeneration of the structures of 
the vertebral column. The shorter height may be a result of a biological change such as 
scoliosis. 
 
 This study represents demographic differences within a Queensland population. As 
demonstrated in the results, the measured standing height of the average male participant 
(median age of 21 years) was 179.98cm, while according to a study from 1995 by the 
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Australian Bureau of Statistics (1995), the average Australian male (aged 31 years) was 
174.8cm, significantly shorter than the males in our study. Australian males have been reported 
to be growing progressively taller and heavier over time with an increase of 0.8cm in height 
and 3.9kg in weight in 2012 for the average male since 1995 (ABS, 2012). However, a small 
sample size of 34 individuals also is likely to have biased the mean stature results in our study, 
considering the Australian Health Survey by the ABS utilised a sample size of approximately 
33500 individuals. The median age of females in this study was 22 years and measured 
165.15cm tall, compared to 161.4cm for the average Australian female (38 years) in 1995 
(ABS, 1995). Similar to males, reports indicate that the female contemporary population is 
taller than past generations, with a 0.4cm increase in height and an increase of 4.1kg in weight 
in the average Australian female since 1995 (ABS, 2012), which is in agreement with 
documented secular trends stating that adult height is increasing by approximately 10-30mm 
per decade since the 19
th
 century in European countries (Cole, 2000). Our study is supportive of 
Cole (2000), demonstrating an average increase of 16.9mm between the 16-30 year cohort and 
the 30-40 year cohort. This increase in height in modern Australians therefore impacts height 
estimations in forensic anthropological research, supporting the requirement for contemporary 
standards.     
 
5.6 CONCLUSIONS 
5.6.1 Licence height was overestimated in 60% of individuals, with inaccuracy values of 
2.06cm in males and 1.76cm in females. 
5.6.2 Approximately 70% of individuals ‘self-reported’ their height upon obtaining their 
licence, with males displaying an inaccuracy of 2.25cm in self-reported licence data and 
an inaccuracy of 1.83cm in measured licence data, while females had an inaccuracy of 
1.65cm in self-reported licence data and an inaccuracy of 1.97cm in measured licence 
data. 
5.6.3 Approximately 56% males and females overestimated when reporting their perceived 
height, and displayed inaccuracies of 2.57cm and 1.55cm, respectively. 
5.6.4 When estimating height, males and females tended to overestimate, irrespective of age. 
Younger males demonstrated higher inaccuracy values than older males, whilst younger 
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females displayed marginally smaller inaccuracy values than older females, however the 
results were not significant.  
5.6.5 Both males and females were significantly taller in a supine position, where 
measurements taken in a supine position compared to stature measurements in the erect 
position were 2.12cm and 2.55cm higher on average, respectively.  
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CHAPTER 6 
GENERAL DISCUSSION AND FUTURE DIRECTIONS 
 
Stature refers to the maximum height an individual reaches during their lifetime. The 
estimation of stature forms one of the ‘big four’ biological criteria estimated from skeletal 
remains to assist in the construction of a biological profile for identification, and therefore it is 
essential that stature can be estimated with the highest degree of accuracy. The analysis of the 
Trotter and Gleser (1952) stature estimation equations on a contemporary Queensland 
population in this study resulted in a constant underestimation of height with an overall mean 
absolute error of 4.15 ± 2.92cm, therefore new stature regression equations are recommended 
for use in a Queensland population.   
 
Secular trends in stature refers to an increasing height across generations due to the 
effect of socio-economic status, nutrition and the living conditions of a particular society; and 
is a phenomenon documented in the Western world since the 19
th
 century (Cole, 2000). In our 
study, there are obvious differences between the mean cadaveric stature from the Mortuary data 
(Aims 1 and 2), and the standing stature from the University participants (Aim 3). The median 
age of male and female cadavers was 55 and 44 years, respectively, whereas the median age of 
University participants was 21 and 22 years, respectively, therefore representing vastly 
different age groups. The average supine height of a male in the cadaveric study was 175.2cm 
tall, 6.9cm shorter than the average supine male of 182.1cm in the licence study. Females were 
on average 162.6cm tall in the cadaveric study compared to 167.7cm when measured supine in 
the licence study, an increase of 5.1cm. Therefore in our study sample it is evident that the 
younger sample pool is taller on average than the older sample pool. This may represent secular 
trends in the Queensland population, however, age-related stature decrease may also explain 
the reduced average height observed in the older sample population.  
 
One of the major outcomes of this research was the establishment of the cadaver stature 
measurement protocol for use by mortuary technicians for individuals in this study. It is 
important to note that cadavers were measured in a supine position; the licence height study in 
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this research resulted in an average increase of 2.3cm in stature when lying down, and therefore 
the cadavers are likely to represent a stature taller than their standing height. Other studies have 
shown differences of 2cm between standing and supine due to the compression of soft tissue 
when standing and further changes can be expected in the cadaveric state with rigor mortis 
(Hauser et al., 2005). As a result of this increase in height when measured in a recumbent 
position, it can be further expected that the Trotter and Gleser (1952) equations would 
underestimate cadaver stature. Upon applying the cadaveric height adjustment of 2.5cm as 
recommended by Trotter and Gleser (1952), the Trotter and Gleser (1952) age adjustment and 
the Giles (1991) age adjustment to the stature estimations in this study, an underestimated 
stature persisted in each case, with a magnitude of error of approximately 2.6cm, 5.2cm and 
4.8cm, respectively. It can be concluded that the implementation of the cadaveric adjustment 
improved the estimate, but age adjustments actually made the estimate worse. Applying the 
population mean difference of 2.3cm from the supine measurements in the licence study to the 
cadavers would not have improved the estimate as it is less than the Trotter and Gleser (1952) 
cadaver adjustment of 2.5cm and therefore the inaccuracy value would have been higher if our 
supine adjustment of 2.3cm was implemented. To overcome the uncertainty in cadaver stature 
measurement, future research is recommended to obtain a reliable source of actual/measured 
heights of living individuals and compare to their measured height postmortem to assess any 
differences in cadaveric height. This could be obtained through accessing medical and military 
records. The results of this study recommend that future research in stature estimation utilising 
cadaveric samples should utilise a cadaveric adjustment to account for supine versus standing 
height differences. There may be differences between populations for standing versus supine 
measurements and as a result, a global adjustment may not be appropriate. Although the results 
were significantly different between the Trotter and Gleser (1952) stature estimates and actual 
stature, it needs to be considered that the underestimation from the stature equations may not 
impact individual identification overall when applied in the field, as the estimation of height 
falls within the standard error of the Trotter and Gleser (1952) equations and may be 
insufficient to discriminate between missing persons profiles despite the reported inaccuracies.  
 
The utilisation of computed tomography (CT) data in this study provided an opportunity 
for the construction of a virtual osteological library. The use of CT and virtual anthropology is 
becoming the gold standard for skeletal analysis in Australian medicolegal investigation of 
death and around the world (Bassed et al., 2011) and proved extremely valuable in this research 
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as it was a non-invasive alternative allowing a three-dimensional view of the femoral model 
where there are no superimposition limitations and minimal magnification artefacts. With the 
construction of a virtual protocol utilising reverse engineering software, various femoral 
measurements including cortical area were obtained, which are essentially impossible to 
measure accurately when using other methodologies such as physical bones. Due to time 
constraints on this study, not all typical femoral measurements could be taken and maximum 
head diameter, vertical neck diameter, femoral neck angle of inclination and medial and lateral 
condylar length had to be excluded, and therefore should be investigated in the future. 
 
As clear differences between estimated stature and actual stature were apparent on a 
contemporary Queensland population when utilising the Trotter and Gleser (1952) stature 
equations, it is essential that reliable equations be constructed for a contemporary population. 
As a result, this research has provided multiple options for stature estimation in the case of 
fragmentary femoral remains so that the anthropologist does not need to rely on or be limited 
by the single femoral length measurement. As sexual dimorphism in femoral measurements 
was apparent in this research, it is appropriate that stature equations are constructed separately 
for each sex, however, as the female sample pool was limited in size, equations were calculated 
for pooled individuals in our study, irrespective of sex. Bayesian models were computed for the 
estimation of height with the implementation of bicondylar length of the femur, epicondylar 
breadth where bicondylar length is not available, and cortical area at the midshaft where 
epicondylar breadth is not available. As fragmentary remains are common in forensic 
anthropological casework, the construction of multiple stature equations based on varied sites 
of the femur improves application in the field. A limitation of the contemporary equations is 
that they are tailored to a Queensland Caucasian population, therefore it is recommended that 
they be applied to other Australian populations to test their national applicability. Further, since 
this study was limited to the femur, a future direction would be to utilise other measurements of 
long limb bones of the body including the tibia, fibula, humerus, radius and ulna to assess their 
individual correlation with stature, as well as investigating other recovered bones such as the 
vertebra, skull, clavicle and scapula resulting in additional stature estimation equations utilising 
one of numerous bones, for utilisation in cases where the femur is not recovered. Additionally, 
as this study only assessed the Trotter and Gleser (1952) stature equations, the applicability of 
other contemporary stature equations from other populations such as the American study 
(Wilson et al., 2010) could be analysed to investigate population variation. 
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The accuracy of stature estimation relies on accurate antemortem stature information. 
When constructing a missing persons profile following the disappearance of an individual, the 
drivers licence is often used as a source of height data. Supportive of the literature, this research 
found differences between height recorded on an individual’s drivers’ licence and actual 
measured stature, although this difference did not reach statistical significance. This research 
study also found that males and females tend to overestimate their height, which in the majority 
of cases resulted in error on their licence due to self-reported height being recorded in the 
majority of licences. Approximately 60% of male and female individuals displayed an 
overestimation of their height on their drivers licence, with males tending to have a larger 
magnitude of error compared to females. As driver’s licence data is frequently referred to when 
identifying an individual from skeletal remains in Queensland police casework, any 
inaccuracies in licence data will have significant effects on the ability to match stature 
estimates with a missing person.  
 
With licence height information carrying its own inaccuracy, the compounding error 
between inaccurate stature equations and error in licence data needs to be emphasised as the 
overall error of stature estimation may increase, influencing identification of human remains. 
As stature research compares estimated height to true measured height, equations are 
constructed to increase the accuracy. However, licence height is often self-reported, and 
therefore in forensic casework the ‘estimated height’ is not actually compared to ‘true height’. 
Future research may be valuable to construct contemporary stature equations utilising ‘forensic 
reported stature’ (drivers licences) instead of actual height. As this study demonstrated that 
licence height is frequently overestimated, and stature equations underestimate, this leads to a 
magnification of error in stature estimation. As a result, this research not only emphasises the 
importance of improving stature estimation techniques, but also the importance of improving 
access to accurate reference height data, either through implementing a standardised stature 
measurement at the Queensland Department of Transport or recommending a stature 
measurement at routine medical appointments. An additional factor to be considered is the 
height of individuals at various times of the day. As this research did not record the height of 
participants at a specific time, it may be valuable to investigate the effects of the diurnal cycle 
and magnitude of change occurring in the vertebral column due to the influence of gravity.  
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 In summary, this research demonstrated that the Trotter and Gleser (1952) stature 
estimation equations should be used with caution in a contemporary Queensland population, 
and as a result, novel Bayesian stature estimation equations were constructed for 
implementation by Australian forensic anthropologists. Our results recommend that additional 
age adjustments should not be implemented in stature estimation in our population as the age 
adjustments were inapplicable in this research, therefore a longitudinal study comparing 
recorded heights throughout one’s lifetime is recommended to accurately demonstrate the 
effects of ageing on stature. Further, it was found that fragmentary femoral measurements 
correlated with stature, and therefore equations utilising bicondylar breadth and cortical area at 
the midshaft are proposed for cases where bicondylar femoral length is not obtainable. In 
addition, sexual dimorphism was found in all femoral measurements. As sex is often known 
prior to stature estimation and considering males and females have different body proportions, 
sex specific equations are ideal, however, validation of the established pooled equations is 
required and will be a future direction of this research to assess the accuracy and applicability 
when predicting stature, despite sex. It is also recommended that a larger female sample size of 
individuals ranging in height is required to reliably compute stature estimation equations in 
order to create sex-specific stature equations for the Queensland population. Whilst significant 
asymmetry was present in the femur, there was a lack of consistency of percentage bias, 
therefore indicating significant inter-individual variability that would not be possible to account 
for in a general stature equation. Therefore, averaging of right and left bones is most 
appropriate when both are recovered. This research also demonstrated that there is inaccuracy 
in reported Queensland driver’s license height and that a majority of individuals self-report 
their height upon obtaining their license, therefore standardisation of the measurement protocol 
at the Queensland Department of Transport is recommended. Further, it was also found that 
both Queensland males and females tended to overestimate their height. Finally, it was 
demonstrated that both males and females were significantly taller in supine position when 
compared to the standing erect position.  
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CHAPTER 8 
APPENDIX 1 
 
Standard Operating Procedure – Cadaver Stature Measurement 
 
1. Measurement should be taken with body in a supine position. Ensure both right 
and left shoulders and buttocks are in contact with the table with no rotation of the 
torso. Rigor should be broken as needed. If this is not possible and significant rigor 
remains, cadaver should be excluded from stature study. 
2. Align head. The head should be positioned in the standard anatomical position 
with the neck in an extended neutral position with no rotation. Align the 
infraorbital margin with the ipsilateral external auditory meatus in the same 
vertical plane. A towel under the head may be necessary to achieve this position. 
This alignment can be achieved through visual estimation. 
3. Position lower limbs. The hip and knee joints should be in an extended neutral 
position and flat on the table.  
a. The lower limbs should be abducted at the hip joints so that the heels of the 
feet are shoulder width apart.  
b. Hips should be laterally rotated so that toes face laterally on each foot and 
heels are medial.  
c. Right ankle joint should be in a plantarflexed position with toes pointing 
downwards and away from leg. 
4. Place measuring stick over the body with the fixed lever at the head and the 
adjustable lever at the right foot. It is recommended that this is done with two 
persons, one holding the fixed lever at the head and the second positioning the 
adjustable lever at the foot.  
5. Place the fixed lever in a vertical position at the crown or vertex of the head (most 
superior point). Ensure the tip of the lever is in direct contact with the table.  
6. Place the adjustable lever at the most distal/anterior point of the heelpad on the 
plantar surface of the right foot by sliding it towards the foot. The lever should be 
placed at the junction of the calcaneum and the longitudinal arch of the foot. 
Ensure the tip of the lever is in contact with the table.  
7. Check horizontal alignment of the measuring stick from head to heel (a spirit level 
may be required). Also check the adjustable lever is perpendicular to the 
measuring stick (a spirit level may be required). 
8. Record the measurement in cm to one decimal place.  
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APPENDIX 2 
